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Abstract 
Overheating of microelectronics has become a significant issue due to their continued 
miniaturisation and increased heat flux that needs to be dissipated. High powered electronic 
devices require very effective cooling to prevent overheating. Microchannel heat sinks 
utilising two-phase flow are capable of very high heat transfer rates and represent a possible 
means of cooling such devices and, if contained within the chip, removing heat within the 
volume. Increasing the cooling efficiency of heat sinks used to cool these devices is critical if 
there is to be continued miniaturisation and increased heat output, resulting in increased heat 
flux that needs to be dissipated.  
The uptake of improved cooling technologies allowing for greater product reliability and 
performance has been critical to the expansion and advancement of the electronics industry. 
An example of this has been the adoption and widespread use of heat pipe technology in 
laptops and smartphones. As demand for increased performance and reliability increases, it 
will be vital to provide a solution to dissipate the ever-increasing heat loads of consumer 
electronic devices. This research work aims to address the gaps in knowledge, making 
electronic devices more reliable, compact, and energy efficient.  
Very effective cooling can be achieved using microchannel heat sinks, however, the inherent 
laminar flow within the microchannels limits heat transfer. To address the limitations 
associated with laminar flow, ferrofluids (magnetic nanofluids) were used to improve the heat 
conductance and to externally control mixing of the fluid. Ferrofluids are surfactant coated 
magnetic nanoparticles suspended in a dispersion medium. Water-based ferrofluids were 
used in this work as they are less toxic. To closely control the physical properties of the 
ferrofluid, dopamine coated magnetic nanoparticles were fabricated in the laboratory. More 
details can be found in chapter 3.  
Two-phase liquid-liquid flow can be utilised to improve heat transfer by disrupting the laminar 
thermal boundary layer. In this research, an aqueous sample (deionized water or water-based 
ferrofluids) was used as the dispersed phase, and oil (silicone oil or mineral oil) as the 
continuous phase. Internal recirculation within the liquid plugs generates internal vortices 
which improves overall heat transfer rate of the flow. Also, vortex formation also occurs at 
the interface of the immiscible fluids, directly influencing mixing of the flow and resulting in 
improved heat transfer rates. Additionally, due to the magnetic nature of ferrofluids, an 
external magnetic field can be applied to manipulate the magnetic plugs of fluid, disrupting 
the laminar thermal boundary layer of the two-phase flow and provide enhanced cooling. 
It was found that the addition of an external magnetic field for single-phase ferrofluid flow 
reduced the rate of heat transfer. This was attributed to the magnetic nanoparticles being 
attracted towards the wall of the channel in the region of highest magnetic flux. Over time, 
the magnetic nanoparticles came out of solution and remained pinned against the wall, which 
2 
reduced the effective thermal conductivity of the ferrofluid flow. This is further explained in 
chapters 4 and 5. However, for two-phase flow, the magnetic nanoparticles remain within the 
liquid plug, retaining the effective thermal conductivity of the ferrofluid. Moreover, due to 
the internal recirculation of the liquid plugs, heat transfer is enhanced. With the addition of 
external magnetic fields, the alignment of the magnetic nanoparticles in accordance to the 
magnetic field lines results in the disruption of internal recirculation in the liquid plugs. This 
disruption was attributed to the enhanced heat transfer rates recorded for the flow.  
Currently, there is a lack of fundamental understanding of such two-phase liquid-liquid plug 
flow. Particularly, there is very little knowledge of the ferrofluid properties required to 
optimise the heat transfer enhancement in these two-phase flows. Furthermore, the 
potential use of external magnetic fields to enhance mixing within the flow has not been 
explored. 
It was found that two-phase ferrofluidic plug flow under the influence of external magnetic 
fields improves heat transfer rates by over 400% compared to single-phase flow using de-
ionized water (DIW). The Thermal Performance Factor (TPF= 
Nu
f1/3
) is used to measure the 
effectiveness of the heat transfer process which considers pressure drop of the system as well 
as the heat transfer rate. Two-phase ferrofluidic plug flow under the influence of external 
magnetic fields has shown to have the best TPF, indicating about twice TPF compared to 
single-phase DIW flow. There is good correlation between theory and experiments 
throughout the thesis. 
Keywords: Heat Transfer Enhancement, Ferrofluid, Two-Phase/Multiphase Flow, Magnetic 
Field, Microfluidics, Electronics Cooling 
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Figure 1: Graphical overview of thesis 
4 
Chapter 1  
Introduction 
1.1 Background  
Miniaturisation and increased processing power are the two technological trends of 
microelectronics. Greater energy efficiency is needed along with reduction in size. However, 
two major barriers to improve performance of such devices are the system interconnects and 
heat removal techniques [1, 2].  System interconnect deals with integrating the front-side 
electronics device and the back-side cooling microchannels, while heat dissipation techniques 
deals with enhancing heat transfer rates to the cooling system, or improving heat removal 
rates of the device [1]. This research work focuses on developing a heat dissipation technique 
that utilises liquid cooling to enhance heat transfer and thus permits the design and 
fabrication of higher performance computing systems with improved reliability.  
The U.S. Defence Advanced Research Project Agency (DARPA) recently established a 
comprehensive research program on integrated cooling, in particular the Thermal 
Management Technologies (TMT) program in 2008, the Near Junction Thermal Transport 
(NJTT) program in 2011, and recently the Intra/Interchip Enhanced Cooling (ICECool) 
fundamentals program in 2012 aiming at a cooling load of 1 kW/cm2 [3]. They recognized the 
need for on-chip cooling to improve performance in current modern computing systems. 
Integrated cooling uses the cooling channels directly to the device chip, bypassing the sources 
of failure (such as chip/heat exchanger bonding and wire delay) and their corresponding 
thermal resistances. Whilst improving performance, this approach can also reduce hotspots 
in the microchannels by applying cooling much closer to the power source. It also minimises 
interconnect length, improving bandwidth density and reduces power consumption by 
reaching target performance at lower clock frequency [3].  
Innovative solutions in power electronic systems were also pushed by Google’s ‘Little Box 
Challenge’. This was an open competition to build the smallest single-phase 2 kVA power 
inverter, making power electronics systems more compact, and cheaper [2]. Forced two-
phase liquid cooling has been identified as the most effective method to manage thermal 
loads to achieve its required performance and reliability [2]. Therefore, integrated liquid 
cooling provides a solution to facilitate further miniaturisation and increased power density 
in electronic devices.
1.2 Rationale for Research 
Tuckerman and Pease [4] first proposed the use of microchannels for electronics cooling in 
1981. Microchannel fluid flow is characterised by laminar flow and very low Reynolds 
numbers (Re). These characteristics make molecular diffusion the main mode of heat transfer, 
which is insufficient to remove heat at the rate required from high performance power 
electronic devices (h > 790 W/cm2) [4]. To enhance heat transfer, rapid mixing is required to 
5 
be induced within the microchannel flow using either active or passive methods [5-7]. Active 
methods of mixing require an external force such as electrokinetic, acoustic or 
magnetohydrodynamic1 mechanisms [5, 7]. Although active methods can efficiently enhance 
mixing, the required actuation componentry increases the complexity and reduces the 
robustness of the device. On the other hand, passive methods such as T- or Y-mixers, multi-
lamination, chaotic advection, hydrodynamic focusing, or droplet mixing require no external 
moving parts to produce an enhanced mixing, resulting in a more robust and reliable device 
[7, 8]. In this study, a combination of active (magnetohydrodynamic) and passive (T-mixer and 
chaotic advection) mixing techniques were employed to increase laminar flow mixing.  
 
Two-phase flow without phase change has been shown to significantly enhance heat transfer 
rates relative to single-phase flow by up to 500% [9-12]. Furthermore, because liquids have 
higher thermal conductivity than gases, two-phase liquid-liquid flow has shown to enhance 
heat transfer more effectively than two-phase gas-liquid flow [10-14]. 
Another means of enhancing heat transfer is to improve the thermal conductivity of the 
working liquids. Increasing conductivity in the fluid increases the Nusselt number of the flow. 
Nanofluids offer the ability to significantly enhance heat transfer due to solid nanoparticles 
that are embedded within the fluid, which provide increased conduction pathways for heat 
transfer [15]. Heat transfer coefficient depends not only on the effective thermal 
conductivity, but also on other properties such as specific heat, density, and dynamic 
viscosity. Focus was placed on effective thermal conductivity and dynamic viscosity of the 
flow in this research work. Ferrofluids are a subclass of nanofluids made of 
superparamagnetic nanoparticles which allows them to be easily manipulated by an external 
magnetic field [16]. Ferrofluids were originally developed in the 1960s at the NASA Research 
Center by Steve Papell, who was investigating various methods to control liquids in space. 
Plugs of ferrofluid can be easily formed within an immiscible carrier fluid, and then separated 
later for pumping in the microfluidic system with an external magnetic field using either 
permanent magnets or electromagnets.  
As compared to electric actuation techniques such as electro-osmosis, magnetic manipulation 
and detection are not affected by other parameters such as surface changes, pH and ion 
concentration [17]. Furthermore, magnetic manipulation does not induce heating, and does 
not require expensive external systems compared to optical actuation [17]. Ferrofluids are 
made up of three components – solid magnetic nanoparticles, a surfactant coating which 
helps prevent agglomeration of the particles, and a dispersion fluid medium [18, 19]. The 
nanoscale and surfactant coat allows the magnetic nanoparticles to remain dispersed in the 
 
1 Magnetohydrodynamics is where a fluid is mixed via flow disturbances caused by nonsynchronous magnetic 
fields; T-mixer is where fluid streams from separate inlets combine at a channel intersection and mix by diffusion; 
Chaotic advection is enhanced mixing caused by secondary flows generated within a fluid as it is passed through 
twisted 2D or 3D structures, zigzag microchannels, or channels with ridges and grooves [7] P. N. Nge, C. I. 
Rogers, and A. T. Woolley, "Advances in Microfluidic Materials, Functions, Integration, and Applications," 
Chemical Reviews, vol. 113, pp. 2550-2583, 2013. 
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carrier fluid, resulting in higher thermal conductivity compared to larger scaled (micro or 
greater) suspensions [16, 17]. Ferrofluids are able to maintain liquidity even under an intense 
magnetic field, having no net magnetization until an external magnetic field is applied to it 
[19, 20]. This characteristic is termed superparamagnetism. Ferrofluids have been commonly 
used in audio loudspeakers to improve audio response; increasing sound amplitude while 
reducing distortion. They have also been used in fluid seals for devices such as rotating shaft 
seals, where they allow for the almost complete elimination of frictional losses compared to 
traditional mechanical seals, or for high-speed computer disk drives where they are used to 
keep out harmful dust particles and impurities that could lead to premature failure of the disk 
drive. Ferrofluids are also used as a cooling medium for electrical machines (such as power 
transformers) due to their higher thermal conductivity [20]. They have also been used in sink-
float separation processes, where mineral ores are levitated to the surface of a pool of 
ferrofluid by producing artificial density differences [19]. Given the broad range of maturity 
of these ferrofluid applications, manufacturing techniques are advanced, reliable and cost 
effective.  
The proposed solution to enhance heat transfer combines the use of ferrofluid plugs in two-
phase liquid-liquid flows, promoting rapid mixing in the flow via a T-junction and chaotic 
advection, whilst using an external magnetic field with a permanent magnet to induce further 
mixing. This field of micro-magnetofluidics was proposed by Nguyen [17] in 2011 and refers 
to the science and technology that combines magnetism with microfluidics to gain new 
functionalities. A recent review of micro-magnetofluidics in microfluidic systems reviews 
recent applications of micro-magnetofluidics techniques to six common microfluidic functions 
– micromixing, pumping, focusing, sorting, droplet formation and transfer phenomena [21]. 
This review illustrated that most of the research efforts in the field of micro-magnetofluidics 
have been directed towards thermophysical and hydrodynamic properties of ferrofluids on a 
planar surface (ferrofluids on surfaces), droplet formation and sorting for biological and 
chemical applications. Compared to these studies, very little work has covered their potential 
for heat transfer enhancement. 
1.3 Thesis Objectives and Scope 
The scope of this research work is to perform fundamental investigations of heat transfer and 
pressure drop in magnetic two-phase liquid-liquid plug flow under an external magnetic field 
for integrated cooling for silicon carbide (SiC) on silicon (Si) power electronic devices. The 
overall goal is to make microelectronics for modern computing technologies more reliable, 
compact and energy efficient. This research covers the study of fundamental single-phase 
ferrofluid flow and two-phase liquid-liquid plug flow under an external magnetic field using 
straight channels and will subsequently develop into application as heat sinks.  
The key objective of this research is to develop fundamental understanding of heat transfer 
and pressure drop in magnetic two-phase liquid-liquid plug flow subject to external magnetic 
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fields. Figure 1  shows the flow-down of this thesis indicating the methodology used to meet 
the objectives.  
1.4  Thesis Outline 
The outline of the thesis is as follows. Chapter 2 provides a thorough review of the literature 
relating to the use of ferrofluids on surfaces and in microchannels, and the influence of 
magnetic fields on the flow. Attention is given to heat transfer behaviour of ferrofluids in 
microchannels. Chapter 3 describes and characterises the materials that was used in this 
research work. To obtain desired flow characteristics, ferrofluids were self-fabricated. 
Chapter 4 and 5 presents the measurement and analysis techniques employed in this research 
work, along with the results obtained for both the 1 mm microchannel and the 100x100 μm 
microchip respectively. Flow visualisation, heat transfer, and pressure drop experiments were 
performed. The Thermal Performance Factor (TPF) (TPF= 
Nu
f1/3
), which was used to measure the 
effectiveness of the heat transfer process, was calculated from the measurement of Nusselt 
number (Nu) obtained from heat transfer experiments, and friction factor (f ≡ ∆P) obtained 
from pressure drop experiments. Finally, Chapter 7 provides some conclusions obtained from 
the research and identifies possible future work. A comprehensive list of past experiments 
from literature for both thermal conductivity and viscosity measurements of ferrofluids are 
presented in Appendix A, and a breakdown of error analysis is presented in Appendix B.  
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Chapter 2  
Literature Review 
2.1 Ferrofluids on Surfaces 
Thermophysical and hydrodynamic properties of single-phase ferrofluid droplets have been 
studied on surfaces. Nguyen [22, 23] experimentally investigated the deformation of water-
based ferrofluid droplets in the presence of a permanent magnet on a planar surface. He 
found that under an external magnetic field, the ferrofluid droplet is further deformed thus 
having a larger contact area with the planar glass as compared to the situation without an 
external magnetic field. Furthermore, when the droplet is in motion, more deformation is 
observed and is dependent on the local magnetic field. However, the studies were unable to 
verify the scaling relationship between the deformation and the magnetic Bond number [22]. 
The magnetic Bond number (Bom) represents the ratio between magnetic force and surface 
tension force, where Bom= {
μ0χmLH
2
γ
=
χmLB
2
γμ0
 (below saturation)
μ0ϕMsatLH
γ
=
ϕMsatLB
γ
 (above saturation)
; µ0 is the permeability of 
vacuum in N/A2, χm is the susceptibility of the material, L is the characteristic length in m, H is 
the magnetic field strength in A/m, φ is the volume fraction of magnetic particles in the fluid, 
Msat is the bulk saturation magnetization of magnetic material in A/m, B is the magnetic flux 
density in T, and ϒ is the surface or interfacial tension in N/m.  
Poesio and Wang [23] examined manipulating wetting transitions of ferrofluid droplets on 
planar superhydrophobic surfaces by electromagnetic stimulation. The results show that even 
a small magnetic force at small liquid volumes provides the possibility to manipulate wetting 
transitions of the droplets. At the resonance, for the un-pinned contact line case, the 
deformation is so large that the Laplace pressure (inertial pressure) becomes large enough to 
induce wetting transition. However, inertia forces, even at resonant conditions, are not strong 
enough to cause the droplets to change wetting states [23]. This means that the ferrofluid 
droplets are able to be easily manipulated by an external magnetic field at moderate magnetic 
field strengths of several tens of mT [19]. Application of an external magnetic field changes 
the flow behaviour and properties of the ferrofluid, therefore, it is necessary to investigate 
the complex relationships between different parameters such as temperature, magnetic field 
strength, orientation of the magnetic field, solid volume concentration, and particle size on 
transport properties such as thermal conductivity and viscosity of the working ferrofluids.  
2.1.1 Thermal Conductivity 
Ferrofluids behave differently under the influence of an external magnetic field; therefore, 
the review is being segmented into studies in the absence and in the presence of a magnetic 
field. A summary of the reported results is shown in Table 1 below. Higher thermal 
conductivity is more favourable as it allows for better heat transfer. DIW is used as the base 
fluid for comparison. As an example for [24], increasing the concentration or decreasing the 
9 
temperature increased the fluids’ thermal conductivity. Table 1 shows that the effect of 
temperature is not consistent amongst the studies. 
Table 1: Summary of ferrofluid thermal conductivity from literature 
Reference Property Variables Result 
Mean 
particle 
diameter 
Solid Volume 
Concentration 
Magnetic 
Field 
Temperature Effect on 
Thermal 
Conductivity 
[24] Unknown  -   
[25] 10±3 nm  - -  
[26] 26 nm  -   
[27] Varying  -   
[25] 10±3 nm     
[26] 26 nm (Fe3O4)     
[28] 20 nm (Fe3O4)   -  
[29] 6.7 nm   -  
[30] 10±1 nm   -  
 
2.1.1.1 In absence of magnetic field 
Without a magnetic field, thermal conductivity of ferrofluids is reported to be enhanced 
compared to its base fluid [19, 24-27]. Fertman et al. [24] experimentally investigated the 
relationship of thermal conductivity with temperature and solid volume concentration. They 
found that thermal conductivity increases with an increase in solid volume concentration and 
decreases linearly with temperature. He et al. [19] also reported that thermal conductivity 
increases with solid volume concentration. Dadwal and Joy [30] reported that thermal 
conductivity increases with an increase in solid volume concentration. They attributed it to 
the formation of aggregated structures due to the increase in the van der Waals and magnetic 
interactions between the nanoparticles along the interdigitation where the magnetic 
nanoparticles cross-link, which in turn enhances thermal conductivity of the magnetic 
nanofluid. However, they also found that below a critical concentration for each specific 
magnetic nanofluid, the absence in any change in thermal conductivity could be because the 
particles are not near to each other, thus, not contributing much to the thermal conductivity. 
Gavili et al. [25] found that there was no significant enhancement of the ferrofluids 
conductivity compared to its base fluid (de-ionized water (DIW)). The magnetic moments are 
oriented in random directions in the absence of a magnetic field and are only influenced by 
Brownian motion as the thermal energy exceeds the magnetic dipolar attraction. This has 
little to no influence on the ferrofluids conductivity.  
Several studies have reported that thermal conductivity increases with increase in solid 
volume concentration [19, 24, 26, 27]. However, Karimi et al. [26] and Vatani et al. [27] 
reported that an increase in temperature leads to an increase in thermal conductivity, in 
disagreement with Fertman et al. [24]. It must be noted that Karimi et al. [26] used larger 
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magnetite (Fe3O4) nanoparticle size of 25nm in the experiments, which can result in unstable 
ferrofluid solutions. A general guide for stable ferrofluids for Fe3O4 nanoparticles is to keep 
particle diameters between 5-15nm [19, 20]. Furthermore, the magnetic nanoparticles used 
by Vatani et al. [27] did not contain surfactants, and reports experiments mostly using Al2O3, 
CuO and TiO2 suspended in water and ethylene glycol (EG), differing from conventional 
ferrofluid magnetic nanoparticle content of magnetite (Fe3O4) or maghemite (ϒ-Fe2O3). Given 
these, at times, contradictory experimental findings, there is currently no conclusive 
statement for the temperature dependence of ferrofluid thermal conductivity. Further work 
needs to be performed to confirm this result. However, it can be clearly observed that an 
increase in solid volume concentration results in increased thermal conductivity.  
2.1.1.2 In presence of magnetic field  
In the presence of a magnetic field, the effective thermal conductivity of ferrofluids is 
reported to increase with increased magnetic fields and increased solid volume 
concentration, and decrease in temperature [19, 25-28]. Gavili et al. [25] also reported that 
thermal conductivity does not return to its original state, decaying exponentially with time 
which was unexplained by the authors. Karimi et al. [26] experimentally investigated the 
thermal conductivity of water based ferrofluids with hematite (Fe2O3) and magnetite (Fe3O4). 
They attributed the reduction in thermal conductivity with increasing temperature to the 
collapse of chain-like structures in the ferrofluid due to the increased velocity of the magnetic 
nanoparticles at increased temperature resulting from thermomagnetic convection. Li et al. 
[28] experimentally observed similar trends, and found that thermal conductivity was higher 
when the magnetic field is parallel to the temperature gradient. Magnetic fields have been 
shown to increase the thermal conductivity [29, 30], up until a limit of magnetic field strength 
at which point, cross-linking of the nanofluid chain prevents further increase. Table A 1 in the 
appendix gives a more detailed summary of the past thermal conductivity experiments. 
2.1.2 Viscosity 
There is good agreement in the literature that the viscosity of ferrofluids is shear dependent. 
This results in shear thickening behaviour as viscosity increases with applied magnetic field 
due to the formation of chain-like structures. Magnetoviscous effects decreases with increase 
in shear rates, meaning viscosity is less influenced at higher shear rates [31-34]. 
Magnetoviscous effects can be defined as the changes of viscous properties due to the action 
of magnetic fields [34]. Engler et al. [35] experimentally observed that magnetoviscous effects 
are only prevalent when the modified interaction parameter (λ*) is greater than 1, when chain 
formation becomes effective and is defined as 
 
λ*=λ(
d
d+2s
)
3
= 
μ0M0
2V
24kBT
(
d
d+2s
)
3
 
 
(1) 
where μ0 is the vacuum permeability in N/A2, M0 is the spontaneous magnetization of the 
magnetic material in A/m, V is the volume of the magnetic particle in m3, kB is the Boltzmann 
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constant, T is the absolute temperature in K, d is the mean diameter of the particles in m, and 
s is the thickness of the surfactant in m [35, 36]. Like thermal conductivity, the study is 
segmented into studies in the absence and in the presence of a magnetic field. Table 2 below 
summarises the results from current literature. A lower viscosity is favourable for practical 
cooling applications as it means the system requires less pumping power. As an example for 
[31], decreasing the concentration, magnetic field, or temperature decreased the fluids’ 
viscosity.  
Table 2: Summary of ferrofluid viscosity from literature 
Reference Property Variables Result 
Mean particle 
diameter 
Solid Volume 
Concentration 
Magnetic 
Field 
Temperature Effect on 
Viscosity 
[28] 20 nm (Fe3O4)  - -  
[32] 9-10 nm  -   
[31] 7.5 nm  -   
[28] 20 nm (Fe3O4)   -  
[32] 9-10 nm   -  
[31] 7.5 nm     
 
2.1.2.1 In absence of magnetic field 
Li et al. [28] found that viscosity increases with increase in solid volume concentration and 
when concentration of surfactant increases attributed to the intensified interaction between 
the magnetic nanoparticles and ambient liquid molecule. They also reported that viscosity is 
increased in the presence of a perpendicular field compared to a parallel field of the same 
strength; however, they were unable to conclude on the effect of orientation of the magnetic 
field on viscosity of the ferrofluids.  
Several authors reported that viscosity decreases with increasing shear rates [28, 31-34]. 
Wang et al. [31] attributed the decrease in viscosity to the weakening of the inter-particle and 
inter-molecular adhesion forces of the chain-like structures of the magnetic nanoparticles. 
They also found that viscosity increases with increasing volume concentration. Hong et al. 
[32] observed that for low solid volume concentrations (0.5%-2%), temperature was the 
dominant factor that affected viscosity – an increase in temperature resulted in decrease in 
viscosity. For higher solid volume concentrations (28%-37.3%), it was found that viscosity 
decreases with increasing shear rate. Devi and Mohanta [33] observed a non-linear decay of 
viscosity with increasing shear rate, confirming the shear thinning behaviour. They also 
observed that the type of surfactant used affects the properties of the ferrofluid – anionic 
surfactant (oleic acid) was found to be more disperse compared to cationic surfactant 
(tetramethylammonium hydroxide (TMAH)).  
However, Pinho et al. [37] found that viscosity decreases with increase in frequency of the 
magnetic field and is independent of shear rate amplitude. It must be noted that the shear 
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rate amplitudes used in their experiments are high (5, 15 and 25 /s) relative to other 
experiments. They also reported that an oscillatory motion results in lower viscosities in 
comparison to steady flow shearing.  
2.1.2.2 In presence of magnetic field  
Li et al. [28] observed that viscosity increases with an increase in solid volume concentration 
and with increasing strength of magnetic field. Hong et al. [32] also reported that viscosity 
increases with increase in magnetic field. Ghasemi et al. [34] found that viscosity increases 
with increase in magnetic field, attributing the increase to the formation of chain-like 
structures in the presence of a magnetic field. They also observed that at low shear rates, the 
shear force is negligible; therefore, the magnetoviscous effect and chain formation by the 
magnetic field dominates the behaviour. However, at higher shear rates, shear force is 
considerable and only the bigger particles can contribute to the magnetoviscous effect – 
magnetoviscous effect is decreased with increasing shear rates. This means that viscosity is 
less influenced at higher shear rates. Devi and Mohanta [33] also agreed that viscosity 
decreases with increasing shear rates due to the breakdown of chain-like structures, and 
viscosity is increased with increasing magnetic field due to the formation of chain-like 
structures, which was confirmed by Pinho et al. [37]. The widely used theoretical Shliomis 
equation relating the increase in viscosity with the increase in magnetic field strength agrees 
well with experimental results [19]. Wang et al. [31] observed that viscosity increases with 
increasing magnetic field and increase in solid volume concentration. They explained that the 
increase in chain-like structures results in an increase in flow resistance, thus increasing 
viscosity of the ferrofluid. Table A 2 in the appendix gives a more detailed summary of the 
past viscosity experiments. 
2.2 Ferrofluids in Microchannels 
2.2.1 Droplet Formation 
There are many studies on forming ferrofluid droplets/plugs, although very few have been 
investigated in the field of micro-magnetofluidics in microchannels. Liu et al. [38] carried out 
experimental and numerical investigations of the formation process of ferrofluid droplets in 
a flow focusing configuration with and without an applied magnetic field. The findings show 
that the size of droplet increases with increasing magnetic field; sensitivity of the droplet sizes 
on the magnetic field depends on flow rates of both the continuous and dispersed fluids; the 
higher the magnetic Bond number, the larger the volume of the formed droplet [38]. Yan et 
al. [39] also experimentally investigated the effect of magnetic field on droplet formation of 
ferrofluids in flow focusing. In disagreement to Liu et al. [38], they reported that droplet size 
decreases with increasing magnetic flux density which was attributed to the increase in ratio 
of the flow rate of immiscible liquids. This may have been related to the much higher flow 
rate used, which was in the order of mL/h while Liu et al. [38] applied a flow rate in the order 
of µL/h. Tan et al. [40] experimentally investigated the formation of ferrofluid droplets at a T-
junction in both the absence and presence of an external magnetic field. The results show 
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that sizes of the formed droplets are highly influenced by the rate of flow of the continuous 
phase. At higher flow rates, droplet size decreases as squeezing pressure decreases. With 
increasing magnetic flux density, droplet size increases, in agreement with Liu et al. [38]. An 
interesting insight to the placement of the magnet creating the external magnetic field found 
that placing the magnet upstream of the T-junction resulted in larger droplets with a longer 
breakup time, while placing the magnet downstream of the T-junction resulted in smaller 
droplets with a shorter breakup time. This is because the magnetic field strength is acting with 
surface tension forces to try to pinch off the droplets. It was also observed that at magnetic 
flux densities smaller than 12 mT, droplet formation is unaffected by the magnetic field 
regardless of position of the magnet.  
2.2.2 Sorting 
Sorting or separation utilises ferrofluid droplets to distinguish between different particles 
inside the flow, mainly for bio-micro-electromechanical systems (bio-MEMS). There are 
various separation methods proposed in the literature. Zhu et al. [41] developed a new 
separation method combining both positive and negative magnetophoresis to separate 
magnetic and non-magnetic particles. The proposed solution is chemically driven, using a 
ferrofluid with its magnetization between that of the particles, which leads to particles with 
larger magnetization being attracted and the ones with smaller magnetization being pushed 
away from the maxima of magnetic fields [41]. Lin et al. [42] also sorted a mixture of particles 
according to their magnetic content. They applied the technique of supervised discriminant 
analysis for in-flow detection in droplet-based magnetofluidics. They successfully 
discriminated bivariate droplets of different volumes containing different encapsulated 
magnetic content produced by a giant magnetoresistance (GMR) based LOC platform [42]. 
Hejazian and Nguyen [43] investigated the effect of a high magnetic field gradient in a 
relatively large chamber on deflection of non-magnetic micro-particles. They observed a 
secondary flow in the opposite direction to the main flow which is caused by the non-uniform 
magnetization of the ferrofluid. This results in the non-magnetic particles mostly following 
the path of this secondary flow [43]. This separation method uses strength of the magnetic 
field gradient to separate the particles.  
2.2.3 Heat Transfer 
2.2.3.1 Single-phase flow 
Application of the field of micro-magnetofluidics to enhance heat transfer has mostly been 
applied toward single-phase flow, not two-phase flow [21, 44-47]. The ability to apply external 
magnetic fields to manipulate ferrofluid flow is one of the main advantages of using 
ferrofluids [16]. With increased mixing capability, heat (and mass) transfer rates are 
enhanced. The balance between the hydrodynamic force of the fluid flow and the magnitude 
and direction of magnetic force acting on the flow is crucial in determining if heat transfer 
enhancement is present. The interaction of flowing ferrofluids with magnetic fields is very 
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complex and depends on a range of variables. Thus, there is not much agreement in literature 
regarding the heat transfer enhancement.  
Ghasemian et al. [44] numerically simulated heat transfer of water based Fe3O4 ferrofluid in 
a 20mm (l) x 2mm (h) mini channel under the influence of both constant and alternating 
magnetic fields. They found that heat transfer was increased due to the disruption of the 
thermal boundary layer brought about by the induced vortices. A more pronounced effect is 
experienced when the magnetic field is placed in the fully developed region, and when an 
alternating magnetic field is used. The maximum heat transfer enhancement that they 
obtained with a constant magnetic field is 16.5% at a magnetic field intensity (Mn) of 
1.07x108, Re=25 relative to a no magnet condition. Furthermore, applying an alternating 
magnetic field with the same intensity increases the heat transfer enhancement to 27.7%. 
There is good agreement between various authors [28, 45, 47, 48] that heat transfer of 
ferrofluid flow is enhanced as the flow rate increases, higher solid volume fraction and higher 
magnetic flux density. Lajvardi et al. [45] found that increasing magnetic intensity of the 
magnetic field enhances heat transfer because of an increase in the percentage of magnetic 
particles that align themselves in the direction of the magnetic field.  This evaluation is in 
agreement with Li et al. [28], reporting that thermal conductivity of magnetic nanofluid (MNF) 
is enhanced with increased magnetic field strength, being parallel to the temperature 
gradient.  
Aminossadati et al. [47] also agreeed that there is enhanced heat transfer for a nanofluid 
(water-Al2O3) at higher solid volume fraction, higher Re and higher Hartmann (Ha) numbers. 
Al2O3 is diamagnetic and can be magnetized in a direction at 180° to the applied magnetic 
field [47]. However, with increasing solid volume fraction, heat transfer is reduced with 
increasing magnetic flux, but enhanced with increasing flow rate. These single-phase studies 
attribute the increase of heat transfer to the changes in thermophysical properties of the 
ferrofluid particles. However, Asfer et al. [48] attributed the enhancement in heat transfer to 
the alignment of the iron oxide nanoparticles (IONPs) within the ferrofluid in the direction of 
the applied magnetic field. They reported no enhancements in convective heat transfer in the 
absence of a magnetic field, which could be explained by Gavili et al. [25], where thermal 
conductivity of water-based ferrofluid was found to not be enhanced without an external 
magnetic field. Furthermore, enhanced heat transfer is reported at higher mass flow rates 
and increased magnetic field gradient, in agreement with Aminossadati et al. [47], Li et al. 
[28] and Lajvardi et al. [45].  
Majority of published work agrees that the increase in magnetic field results in an increase in 
heat transfer rates [19, 49-51]. He et al. [19] identified the importance of viscosity and 
thermal conductivity on heat transfer of ferrofluids, and how the application of an external 
magnetic field alters the properties of ferrofluids compared with the base fluid and in absence 
of a magnetic field. Larimi et al. [49] numerically investigated the effect of heat transfer in a 
ribbed channel using ferrofluids under the influence of various non-uniform transverse 
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magnetic field arrangements. They found that increasing magnetic force results in an increase 
in minimum and maximum local Nusselt numbers (Nu), especially at the ribbed regions. They 
attribute it to the increasing recirculation and fluid-solid interactions at these regions due to 
the concentration of magnetic forces. It was also observed that the influence of magnetic 
force on Nu is more significant at lower Re (minimum Re = 500), however, increasing Re would 
cause Nu to increase. Furthermore, it was observed that pressure drop, and surface friction 
coefficient increases with increase in magnetic force. Ashjaee et al. [50] found that in the 
absence of a magnetic field, using a ferrofluid improved heat transfer by 14% compared to 
pure water. Increasing solid volume concentration and Re improved heat transfer rates as 
well. In the presence of a magnetic field, there is an increase in heat transfer rates when solid 
volume concentration, Re and magnetic flux increases. Esmaeili et al. [51] synthesized Fe3O4 
water-based nanofluids to examine the effect of an alternating 3D magnetic field on its 
thermal behaviour. They found that the balance between solid volume concentration, 
magnetic field strength, and Re determines the degree of heat transfer enhancement. In the 
turbulent region, they found that formation of eddies proves that eddy convection is an 
important factor along with increase of viscosity gradient induced by the external magnetic 
field to enhance forced-convective heat transfer properties.  
However, Sha et al. [52] found that heat transfer rates decreased with increasing magnetic 
field strength. They attribute this decrease to the increase in viscosity, leading to the rise in 
pressure loss and boundary layer thickness, resulting in a reduction of heat transfer 
performance. But in the absence of a magnetic field, heat transfer coefficient was enhanced 
in the laminar regime. They attribute it to the decreased thermal boundary layer thickness 
and the increased effective thermal conductivity of the nanofluid, which agrees with the other 
literature [19, 49-51]. They also found that increasing temperature of the flow increases heat 
transfer rates.  
Hejazian et al. [53] observed magnetically induced mass transfer of ferrofluids due to the 
presence of an external magnetic field. They reported a significant enhancement of mass 
transport due to the presence of an external magnetic field. Magnetoconvective secondary 
flow phenomena due to the magnetic susceptibility difference of the ferrofluid with the 
magnetic field, causing a bulk force on the fluid and thus, magnetoconvective flow. Hejazian 
and Nguyen [54] also investigated convective heat transfer in a magnetofluidic device for 
three single-phase flow cases: DIW, ferrofluid, and ferrofluid with an external magnetic field. 
They found that in the absence of an external magnetic field, there is enhanced convective 
heat transfer for the ferrofluid case compared to DIW. However, in the presence of an 
external magnetic field, convective heat transfer for the ferrofluid case performed worse than 
the DIW case without an external magnetic field. This was attributed to the significant 
magnetoconvective secondary flow with the introduction of an external magnetic field, 
negatively impacting convective heat transfer. Hatami et al. [55] also found that heat transfer 
decreases with the application of an external magnetic field. They attribute the decrease to 
the formation of magnetic dipoles along the direction of the magnetic field, creating chainlike 
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clusters along the direction of the applied field in the ferrofluid, causing an increase in friction 
between the fluid layers, and thus, blocking the flow stream. This decreases Brownian motion 
of the ferrofluids, which results in the decrease in convection heat transfer. Therefore, heat 
transfer enhancement depends on the direction of the field relative to the flow and heat flux, 
and whether the field varies in the flow direction. 
It is further proven that ferrofluids can be easily manipulated and controlled by an external 
magnetic field. Yi et al. [56] investigated the possibility of forming dynamic cooling by means 
of micro-sized fins from ferromagnetic CrO2 nanoparticle suspensions applied to hot spots in 
microfluidic channels. Due to the magnetic nature of the CrO2 nanoparticles, it can easily be 
manipulated by an external magnetic field. An electromagnet was used for this investigation. 
Longer nanofins were found to enhance heat transfer rates whilst increasing flow rate 
increases the total number of CrO2 nanoparticles in the flow which flow past the fins. 
However, increasing flow rate increases the hydrodynamic drag force of the flow which 
decreases the likelihood of trapping more CrO2 nanoparticles. Furthermore, it was also found 
that increasing electrical current to the electromagnet increases length of the formed 
nanofins, but this generates more heat by the coil, increasing total temperature of the system. 
This study shows that magnetic nanoparticles can be successfully used to transport heat 
away, serving as a dynamic heat sink with a response time in the order of minutes. However, 
more in-depth studies of the relationship between nanofin length, flow rate and electrical 
current needs to be performed for optimum heat transfer enhancement of the microfluidic 
system. Another study by Solis and Martin [57] adopted the use of fully controllable magnetic 
platelets that form advection lattices upon the influence of a magnetic field in fluid flow. Initial 
experiments found that such lattice structures allow for the creation of chaotic advection, 
optimising heat transport. Furthering their research, they found that using these magnetic 
fluids – spherical 4-7 µm carbonyl iron particles dispersed in either water or isopropyl alcohol, 
in a suspending liquid of Fluorinert FC-40, enables unprecedented control of fluid motion, 
which can be useful for mixing and heat and mass transfer among other applications [58]. 
These magnetic microdroplets reorientate themselves to achieve a low energy state under an 
external magnetic field. Therefore, this gives confidence in the easy manipulation and control 
of magnetic nanoparticles using an external magnetic field. 
2.2.3.2 Two-phase flow 
There have been no publications reporting the use of ferrofluid plugs as the dispersed phase 
in liquid-liquid plug flow to enhance heat transfer rates. The closest studies on heat transfer 
in two-phase liquid-liquid Taylor/slug/plug flow uses silicone oil as the continuous phase, and 
de-ionized water (DIW) as the dispersed phase in minichannels. The fundamental concepts 
from these studies should be applicable to the research study except for using ferrofluid plugs 
instead of DIW. Eain et al. [11] conducted experimental investigations examining potential 
heat transfer enhancements of a two-phase liquid-liquid Taylor flow regime. They studied the 
effects of slug length and carrier phase variations of Pd5, Dodecane and AR20 silicone oils on 
the local Nu.  Enhancements up to 600% over conventional Poiseuille flow were observed in 
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the fully developed region. It was found that shorter carrier slugs approaching the channel 
diameter, and longer water slugs provided the greatest heat enhancement. Furthermore, it 
was also reported that slugs can reach thermal equilibrium faster, thus having shorter thermal 
entrance lengths as compared to continuous flow. Bandara [13] also conducted numerical 
and experimental studies on heat transfer and pressure drop on two-phase liquid-liquid slug 
flow using silicone oil and DIW. He reported having up to 400% enhancements in heat transfer 
compared to conventional Poiseuille flow. This gives confidence in enhancing heat transfer 
utilising two-phase liquid-liquid plug flow. It must be noted that studies by Liu et al. [38] and 
Che et al. [10] reported that shorter plug lengths lead to higher heat transfer, which is in 
disagreement to Eain et al. [11]. Figure 2 is a schematic diagram of a two-phase flow unit cell, 
defining film thickness (δfilm), plug length (LD), continuous phase (CP) length (LC), and slug unit 
length (LU) used in this thesis. 
 
 
Figure 2: Schematic diagram of a two-phase flow unit cell of plug, continuous phase (CP) and 
slug unit length 
 
2.2.4 Pressure Drop 
There are no recent studies of pressure drop within the field of micro-magnetofluidics for 
two-phase liquid-liquid plug flow. Kamiyama et al. [59, 60] experimentally investigated 
various pipe flow problems of magnetic fluids, focusing on pressure and local velocity 
measurements in a strong magnetic field. They concur on Shliomi’s theory, relating an 
increase in viscosity with increasing magnetic field. This results in increased resistance of the 
flow as more chain-like structures form with increasing magnetic field, and thus, increases in 
pressure drop. They also observed that water-based ferrofluids have larger resistances 
compared to kerosene or oil-based ferrofluids. This can be explained by higher viscosity of 
water (μ=1.004 Pa·s @ 20°C) compared to kerosene (μ=0.00164 Pa·s @ 20°C). Zonouzi et al. 
[61] found that the increase in relative increase in pressure drop of ferrofluid flow under the 
influence of an external magnetic field is less than 1% (Re = 580, 710 and 820). Like heat 
transfer studies of two-phase liquid-liquid plug flow, a similar behaviour can be inferred for 
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ferrofluid plugs to this research as the only difference is the properties of the dispersed phase 
– ferrofluid plugs instead of DIW. There is a direct relationship between heat transfer 
enhancement and pressure drop. Enhancements in heat transfer leads to increased pressure 
drop due to increased temperature difference between the channel surface and the cooling 
fluid along the flow length [62]. Two-phase flow results in a significant increase in pressure 
drop compared to single-phase flow and if the second phase is gas, this can be decreased as 
shown by Kamiyama et al. [59, 60]. 
Pressure drop is an important factor affecting flow rates, stability, sizing of the pumps, and 
hence, overall cost of the system [11, 13, 63]. Bandara [13] experimentally  found that liquid-
liquid slug/plug flow increases pressure drop by up to two times as compared to single-phase 
flow. Both Bandara [13] and Eain et al. [63] both agreed that there is poor agreement between 
theoretical models for pressure  drop of liquid-liquid Taylor/slug/plug flow. Bandara [13] 
attributed this to the wide variety of variables associated with two-phase flow that cannot be 
fully accounted for in the correlations, while Eain et al. [63] narrowed down the source of the 
disagreement to the methods used to calculate the interfacial pressure drop term. Mehdi et 
al. [50] found that pressure drop increases with increase in Re and magnetic flux. In the 
absence of a magnetic field, they attribute the increase in viscosity to the addition of 
nanoparticles to the base fluid. In the presence of a magnetic field, they report that magnetic 
particles suspended in the base fluid tend to remain chain-aligned along the direction of the 
external magnetic field, increasing viscosity of the ferrofluid, thus increasing pressure drop. 
Currently, there is no known research that uses ferrofluid plugs under an external magnetic 
field as the dispersed phase in two-phase liquid-liquid flow in macro, mini or microchannels 
for cooling in microelectronics. This has the opportunity for extra heat transfer enhancement 
and there is easy separation of the phases for pumping. It is this gap in knowledge that this 
research addresses.  
2.3 Magnetic Field Arrangement 
An appreciation of the ability of external magnetic fields to affect ferrofluidic plug flow from 
the literature review is understood. However, the complexity of the interaction of magnetic 
field lines with the flow needs to be further explored. Researchers generally compare two 
magnetic fields – static and rotating (constant and oscillating) [64-68]. The consensus is that 
a rotating magnetic field enhances mixing more than a static magnetic field. Within static 
magnetic fields, the arrangement of multiple magnets was also explored [64, 65, 68].  
Researchers agree that a single static/constant magnetic field is detrimental to heat transfer 
enhancement as it decreases mixing efficacy of the flow, while a rotating/alternating 
magnetic field or multi-magnet arrangement increases mixing of the flow and thus, enhances 
heat transfer [64-68]. It must be noted that magnets have a non-uniform magnetic field, while 
electromagnets generate a uniform magnetic field. Yarahmadi et al. [64] experimentally 
investigated laminar forced convective heat transfer of ferrofluids under constant and 
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oscillating magnetic field using electromagnets with different magnetic field arrangements 
and oscillation modes. Without a magnetic field, they found that ferrofluids enhance heat 
transfer compared to de-ionized water (DIW). With a constant magnetic field, heat transfer 
decreases. The greatest heat transfer enhancement were recorded when the magnets were 
placed in successive order, emitting an oscillatory magnetic field, and when the flow rate is 
lower at higher concentration of magnetic nanoparticles [64]. It must be noted that the 
diameter of the magnetic nanoparticles are 25 nm, which is not within the criteria for a 
superparamagnetic magnetic nanoparticle (d < 16 nm) [16]. Furthermore, there may have 
been heat produced by the electromagnets used to produce the magnetic field, which may 
have influenced the results. Wei and Lee [65] simulated the mixing efficiency using a non-
uniform magnetic field produced by tapered magnets. They found that the mixing efficiency 
increases with an increase of saturation magnetization of the magnets. A larger saturation 
magnetization means a stronger magnetic force acted on the magnetic fluid. This is due to 
the induced vortices from the external magnetic fields, significantly enhancing mixing 
efficiency. An asymmetric formation of the magnets resulted in the highest mixing efficiency 
[65].  
However, it must be noted that this is only a computer simulation. Azimi et al. [66] 
experimentally studied magnetic actuation of ferrofluids under a static magnetic field. They 
observed that different flow rates result in different flow patterns  and placing a magnet next 
to the main channel was more effective than placing the magnet underneath the channel 
[66]. Azimi et al. [67] then extended their study, introducing a rotating magnetic field 
compared to a static magnetic field. It was found magnetic nanoparticles were pinned to 
channel wall by the static magnetic field, whilst a rotating magnetic field causes particle 
gyration in the adjacent liquid and results in better mixing efficiency. Shah and Khandekar 
[68] numerically simulated the effect of external magnetic fields on heat transfer 
enhancement of ferrofluid flow. They compared three different magnet layouts and found 
that the three-dipole arrangement shows the most enhancement in Nusselt number. They 
attribute this enhanced mixing within the flow due to the magnetic body force acting on the 
ferrofluid, enhances local Nusselt number by disturbing the thermal boundary layer, causing 
higher bulk fluid temperature [68]. 
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2.4 Summary of the Literature 
• Miniaturisation and increased processing power are the two technological trends of 
modern computing systems. 
• Microchannel fluid flow is characterized by laminar flow at low Reynolds numbers, 
which makes molecular diffusion the main mode of heat transfer. This is insufficient 
to remove heat at the rates required from high performance power electronic devices. 
• Two-phase flow has shown to significantly enhance heat transfer rates relative to 
single-phase flow by up to over 600%. 
• Thermal conductivity of ferrofluids improves with increased solid volume 
concentration and magnetic field strength. Its temperature dependence is 
inconclusive. 
• Viscosity of ferrofluids decreases with decreased solid volume concentration and 
magnetic field strength. Its temperature dependence is also inconclusive. 
• Ferrofluid droplet/plug formation is influenced by flow rate, magnetic field strength, 
and the location at which the magnetic field is applied. 
• Ferrofluid droplets/plugs can be utilised to distinguish between different particles 
inside the flow, mainly for bio-MEMs.  
• Heat transfer is enhanced using ferrofluids compared to DIW in the absence of a 
magnetic field. It is also dependent on other factors such as flow rate and 
thermophysical properties of the ferrofluid.  
• Application of an external magnetic field enhances mass transport by disturbing the 
flow due to the addition of a magnetic body force. However, there are inconclusive 
results as to whether heat transfer is enhanced in the presence of an external 
magnetic field. 
• Pressure drop, and heat transfer enhancement have a direct relationship – as heat 
transfer is enhanced, pressure drop increases. 
• A rotating magnetic field enhances mixing more than a static magnetic field. 
• Arranging multiple permanent magnets in an array provides better mixing compared 
to a single magnet.  
• No previous studies incorporating two-phase plug flow with ferrofluids for further 
heat transfer enhancement and easy phase separation for pumping. This is the 
motivation for the research work. 
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Chapter 3 
Materials 
This chapter provides the details of the ferrofluid and oil materials used in this study. 
Commercial ferrofluids were initially used to compare experimental results with existing 
literature, however, their properties were not properly disclosed. Instead self-fabricated 
ferrofluids were mostly used throughout this work, as ferrofluids with known properties could 
be manufactured accordingly. It is important to understand the material properties as they 
affect the transport and flow properties. Most of the contents of this chapter have been 
published [69, 70]. 
3.1 Ferrofluids  
Ferrofluids are colloidal liquids made of iron based magnetic nanoparticles, coated with a 
layer of surfactant, suspended in a carrier fluid (water or an organic solvent) [16]. They are 
superparamagnetic which means that the magnetic nanoparticles do not remain magnetized 
when the external magnetic field is removed [16]. This work uses water-based ferrofluids 
comprised of surfactant coated Fe3O4 ferromagnetic nanoparticles and will be explained in 
greater detail below.  
3.1.1 Commercial Ferrofluids 
Commercial water-based ferrofluids (Domain Detection Kit, Ferrotec), containing EMG308, 
EMG408, EMG707, EMG708 and EMG807, were used to make diluted samples of 5% and 10% 
ferrofluid content for each EMG series, with de-ionized water (DIW). Their nominal properties 
given by the supplier are shown in Table 3. Thermophysical properties of the diluted samples 
were measured and the results compiled in Table 4. 
Table 3: Supplier provided properties of commercial ferrofluid (Domain Detection Kit, 
Ferrotec) 
Sample Supplier Given Properties 
Components (% by Volume) Density 
(kg/m3) 
Saturation 
Magnetization 
(mT) 
Magnetite Surfactant Carrier 
EMG308 0.4-1.1 0.5-1.5 97.4-99.1 1060 6.6 
EMG408 0.4-1.1 0.5-1.5 97.4-99.1 1070 6.6 
EMG707 1-4 7-27 69-92 1100 11 
EMG708 1-4 7-27 69-92 1080 6.6 
EMG807 1-8 6-60 32-93 1100 11 
 
Density of the diluted samples was measured at room temperature (RTP) (~22°C) using a 
density bottle, also known as a pycnometer (Calibrated 25.102 cm3, BLAUBRAND®). It must 
be noted that density values of the diluted samples are lower than undiluted samples due to 
less magnetic nanoparticles contained with the diluted samples. DIW was used as the 
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calibration standard. Mass of the empty density bottle was weighed using an analytical 
balance (AE200, Mettler) with a precision of up to four decimal places. Thereafter, the density 
bottle was filled with DIW till it completely fills the capillary, and the external surface of the 
bottle was dried of any excess fluid before re-weighing the filled bottle. Measurements were 
taken three times, and the final reading was the average of the three. The density bottle was 
then cleaned and dried, then filled with the selected diluted ferrofluid sample. The same 
measurement procedure was carried out for the diluted ferrofluid samples. Mass of the fluid 
was calculated by subtracting the mass of the empty bottle from the mass of the filled bottle. 
Density of the diluted ferrofluid samples is expressed as 
 ρFF= 
mFF
Veff
 
 
(2) 
where ρFF represents density of the diluted ferrofluid samples in kg/m3, mFF represents mass 
of the diluted ferrofluid sample in kg, and Veff is the effective volume of the density bottle 
calculated assuming density of DIW (ρDIW) is 1000.0 kg/m3 at 25°C. 
Contact angle of the diluted ferrofluid samples on a flat polydimethylsiloxane (PDMS) surface 
was captured using a Canon EOS 700 digital single-lens reflex (DSLR) camera at RTP, then 
evaluated using the ImageJ software.  
Table 4: Measured properties of commercial diluted ferrofluid samples 
Sample Magnetite 
Content  
(% by Volume) 
Measured Properties 
Density 
(kg/m3) 
Dynamic 
Viscosity 
(mPa·s) 
Contact 
Angle (°) 
Thermal 
Conductivity 
(W/(m·K)) 
EMG308 5% 0.02-0.055 1006.0 1.025 90 0.646 
EMG308 10% 0.04-0.11 1008.1 1.046 110 0.644 
EMG408 5% 0.02-0.055 1004.6 1.029 113 0.636 
EMG408 10% 0.04-0.11 1006.2 1.040 114 0.626 
EMG707 5% 0.05-0.2 1012.9 1.078 80 0.642 
EMG707 10% 0.1-0.4 1021.0 1.103 106 0.645 
EMG707 20% 0.2-0.8 1022.5 1.113 80 0.655 
EMG708 5% 0.05-0.2 1005.9 1.029 109 0.682 
EMG708 10% 0.1-0.4 1009.8 1.060 105 0.684 
EMG807 5% 0.05-0.4 1006.7 1.040 100 0.644 
EMG807 10% 0.1-0.8 1009.7 1.050 84 0.651 
DIW - 1000.0 1.000 115 0.610 
 
3.1.2 Self-Fabricated Ferrofluids 
Water-based Fe3O4 ferrofluids with different surfactants were fabricated using the co-
precipitation method, which formed polydisperse iron oxide nanoparticles [71]. To make 
about 3.75 g of Fe3O4 nanoparticles, the following material and steps were used; 
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1: 3.26 g of FeCl2·4H2O and 8.7 g of FeCl3·6H2O was dissolved in 380 mL of DIW. 
2: Under vigorous stirring, 20 mL of 25% NH3 was slowly added. The pH should be about 11-
12.  
3: The precipitate was sedimented with a very strong rare earth magnet (or centrifuge for 5 
minutes at 5000 rpm) and washed until the pH dropped from 10 to 7. 
4: Sedimentation and precipitation was repeated until the desired volume concentration of 
Fe3O4 superparamagnetic iron oxide nanoparticles (SPIONs) was obtained. 
To test the volume concentration of the SPIONs, a Prussian blue assay was performed. It was 
found that the SPIONs had a solid volume concentration of 1.5%. Before functionalizing the 
SPIONs, transmission electron microscopy (TEM) was performed to check whether the SPIONs 
were worth functionalizing. The particle size (d ~10 nm for Fe3O4) and coagulation were the 
criterion of interest.  
Three different surfactants were used to functionalize the fabricated SPIONs – dopamine 
(DPA), tetramethylammounium hydroxide (TMAH), and citric acid. The surfactants were 
added dropwise to the SPIONs while swirling at the same time. All three ferrofluid types had 
the same volume concentration of solid magnetic nanoparticles and surfactant (Fe3O4 
nanoparticles: ~1.5%; Surfactant: ~10%; DIW: ~88.5%). 
Only the ferrofluids fabricated with DPA and TMAH as surfactants remained stable2. They 
were then diluted with DIW to 20% dilution which gives a ratio of ferrofluid:DIW as 1:4. 
Thermophysical properties of the diluted samples were measured and compiled in Table 5. 
 
Table 5: Measured properties of fabrication diluted ferrofluid samples 
Sample Magnetite 
Content  
(% by Volume) 
Measured Properties 
Density 
(kg/m3) 
Dynamic 
Viscosity 
(mPa·s) 
Contact 
Angle on 
PDMS (°) 
Thermal 
Conductivity 
(W/(m·K)) 
DPA 20% ~0.3 1003.5 1.014 105 0.630 
TMAH 20% ~0.3 1006.2 1.037 86 0.686 
DIW - 1000.0 1.000 115 0.610 
 
3.2 Oil 
Silicone oil was used for the continuous phase in the larger 1 mm microchannel due to its low 
viscosity and its non-reactive property. A mineral oil mixture was used in the 100x100 μm 
microchip because PDMS absorbed the silicone oil and swelling changed the size and shape 
of the smaller 100x100 μm microchip. 
 
2 A ferrofluid solution is considered stable when the magnetic nanoparticles remain dispersed in the liquid. 
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3.2.1 Silicone Oil 
0.65 mm2/s silicone oil (PMX-200, Xiameter) with a thermal conductivity of 0.1 W/(m·K) was 
used as the continuous phase in two-phase flow heat transfer experiments. Its physical and 
chemical properties are described in Table 6 as provided by the supplier. 
Table 6: Physical and chemical properties of PMX-200 silicone oil 
Properties Value 
Appearance Liquid 
Colour Colourless 
Odour Characteristic 
Initial boiling point 100 °C 
Flash point -3.3 °C 
Relative density 0.76 
Auto-ignition temperature 352 °C 
Kinematic viscosity 0.65 mm2/s 
 
3.2.2 Mineral Oil 
Mineral oil (M5904, Sigma-Aldrich) and 0.5% weight non-ionic surfactant (Span® 80, Sigma-
Aldrich) was used for plug formation flow visualisation experiments. The relative densities of 
the mineral oil and non-ionic surfactant are 0.84 g/mL and 0.986 g/mL at 25°C respectively, 
and the kinematic viscosity of the mineral oil is given as > 20.5 mm2/s at 40 °C. A mixture of 
10:1 mineral oil:Span® 80 was used. The properties of this oil/surfactant mixture are shown 
in Table 7.  
Table 7: Mineral oil mixture properties 
Properties Value 
Density 837.5 kg/m3 
Dynamic viscosity 1.72E-2 Pa·s 
Specific heat capacity 1670 J/(kg·K) 
Thermal conductivity 0.131 W/(m·K) 
 
3.3 Interfacial Tension 
Interfacial tension (IFT) is defined as the work which must be expended to increase the size 
of the interface between two adjacent phases which are immiscible with one another [72]. It 
was measured via the pendant drop method, where the shape of a drop on a needle in a bulk 
liquid phase was determined (see Figure 3). The IFT was ascertained from the image of the 
drop using drop shape analysis via the SCA 22 software linked to the tensiometer (OCA 20, 
Dataphysics). The tensiometer is a high precision optical measuring device for measuring 
interfacial parameters and phenomena. The dispersed phase (DIW or ferrofluid) was being 
injected at a specified rate via the electronic dosing system, through a 500 μL glass syringe to 
form a pendant drop (see Figure 4). The IFT between DIW and silicone oil is 0.059 N/m, and 
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the IFT between DPA20% and silicone oil is 0.052 N/m. The IFT between DIW and the mineral 
oil mixture is 0.040 N/m, and the IFT between DPA20% and the mineral oil mixture is 0.036 
N/m.  
 
Figure 3: Interfacial tension experimental set up 
 
 
Figure 4:  Pendant drop method for interfacial tension measurements 
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3.4 Ferrofluid Characterization 
3.4.1 Particle Sizing 
It is well known that the size, shape and composition of the magnetic nanoparticles strongly 
influence the thermophysical profile of the ferrofluid, and thus, their transport and flow 
properties. Since all the diluted samples contain magnetite or Fe3O4 magnetic nanoparticles, 
the only variable is size. Depolarized dynamic light scattering (DDLS) and transmission 
electron microscopy (TEM) were employed to size the particles. Size distribution of the 
magnetic nanoparticles was obtained using DDLS, performed on an ALV-5022F spectrometer. 
A vertically polarized Helium Neon laser with a wavelength of 633 nm was used. The scattered 
light passes through a crossed polarizer, which was carefully adjusted to achieve minimum 
scatter intensity. Intensity weighted, and number weighted size distribution profiles were 
obtained from correlation functions, collected at a scattering angle of 90°. Four 
measurements of 2-minute duration were performed, and the average of the data sets were 
taken. Morphology of the diluted samples were observed on a JEOL 1010 TEM (100 kV) 
equipped with a charge-coupled device (CCD) camera (Orius SC600A, Gatan). TEM images 
records electron dense hard core of the particle whereas DDLS will capture soft diffusion 
layers around the particle as well, allowing us to know the hydrodynamic size of the particle 
[73]. This is beneficial for understanding ferrofluid flow in microchannels. 
3.4.2 Transport Properties 
Viscosity and thermal conductivity are important properties for designing heat dissipation 
devices. These properties depend on the type and concentration of magnetic nanoparticles 
and surfactant make-up of the ferrofluid. The type and strength of external magnetic field 
applied also affects these properties.  
3.4.2.1 Viscosity 
Kinematic viscosity of the diluted ferrofluid samples was measured at 25°C using a capillary 
viscometer (Micro-Ubbelohde 531 10, SCHOTT) along with a viscosity measuring system 
(ViscoSystem® AVS350, SCHOTT) (see Figure 5). The viscosity measuring system records the 
time taken to flow past two points in the capillary viscometer. This measurement was taken 
three times, and the final reading is the average of the three. DIW was used as the calibration 
standard. Dynamic viscosity of the diluted samples can be expressed as 
 
μFF= 
tFF
tDIW
 μDIW 
 
(3) 
 
 μDIW= ρDIWνDIW 
 
(4) 
where µFF represents dynamic viscosity of the diluted ferrofluid samples in Pa·s, tFF represents 
the time taken for the ferrofluid sample to flow past the two points in the capillary viscometer 
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in s, tDIW represents the time taken for DIW to flow past the two points in the capillary 
viscometer in s, µDIW represents dynamic viscosity of DIW in Pa·s, and νDIW represents 
kinematic viscosity of DIW in m2/s.  
Grade N42 neodymium permanent magnets (40x15x8 mm, Aussie Magnets) were used to 
apply an external magnetic field to the ferrofluid. Magnetic flux, B was varied (0 ≤ B ≤ 50 mT, 
∆B = 10 mT) by varying the offset distance between the capillary tube and the magnets (see 
Figure 5 and refer to Table 8). 
 
Figure 5: Viscosity experimental set up 
 
Table 8: Viscosity experiment – magnetic flux-distance relationship 
Offset Distance (mm) Magnetic Flux (mT) Total Magnetic 
Flux (mT) Magnet v1 Magnet v2 
30 25 25 50 
34 20 20 40 
39 15 15 30 
45 10 10 20 
60 5 5 10 
 
It can be observed that viscosity increases linearly with density (see Figure 6) and that both 
viscosity and density of the diluted ferrofluid samples are greater than that of the base fluid 
– DIW. The much denser magnetic nanoparticles (ρFe3O4 = 5.17 g/cm3) explain the increase in 
density of the ferrofluid. It was also observed that viscosity increases linearly with magnetic 
flux (see Figure 7). The largest increase in viscosity is about 5% for EMG308 10% under a 
magnetic flux of 50 mT at RTP compared to 0 mT. The increase in viscosity can be attributed 
to the alignment and clustering of magnetic nanoparticles in the direction of the applied 
magnetic field, which increases resistance to the flow. 
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Figure 6: Increase in viscosity with density of diluted commercial ferrofluid solutions @ RTP 
 
 
Figure 7: Viscosity experimental results with magnetic field @ RTP 
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3.4.2.2 Thermal Conductivity 
Thermal conductivity of the diluted samples was measured at 25°C using the KD2 Pro Thermal 
Property Analyzer (Decagon Devices Inc.), which is based on the transient hot-wire method 
(see Figure 8). The KS-1 single needle sensor with 1.3 mm diameter and 60 mm length was 
used. The fluid sample was held in a custom designed aluminium chamber connected to a 
water bath (MB-5, Julabo), hence temperature of the sample was kept constant. The test 
sample containment area had a diameter of 31.3 mm, and a height of 75 mm because a 
minimum of 15 mm of material parallel to the sensor in all directions is necessary for accurate 
measurements according to the KD2 Pro user manual. Like the viscosity experiment, 
permanent magnets were used to apply an external magnetic field to the ferrofluids and 
magnetic flux was varied (0 ≤ B ≤ 50 mT, ∆B = 10 mT) by varying the offset distance between 
the aluminium box and the magnets (see Figure 9 and refer to Table 9). A magnet spacer is 
required to easily separate the magnets from each other (see Figure 9). 
 
Figure 8: Thermal conductivity experimental set up (Left: complete set up of experiment; 
Right: Zoom up of temperature controlled custom designed chamber for measurements) 
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Figure 9: Thermal conductivity experiment – magnetic flux variation with distance 
 
Table 9: Thermal conductivity experiment – magnetic flux-distance relationship 
Offset Distance (mm) Magnetic Flux (mT) Total Magnetic 
Flux (mT) Magnet ta1 Magnet ta2 
0 25 25 50 
4 20 20 40 
9 15 15 30 
17 10 10 20 
32 5 5 10 
 
Thermal conductivity results show that all the diluted ferrofluid samples record a slightly 
higher thermal conductivity value at 25°C compared to DIW (refer to Figure 10).  
Experimental results show that thermal conductivity increases exponentially with the 
application of an external magnetic field (refer to Figure 11). The highest enhancement is 
about 100% for EMG708 10% compared to DIW with the highest magnetic field. The increase 
in thermal conductivity can be attributed to the alignment of the magnetic nanoparticles in 
the direction of the applied magnetic field [74, 75]. These solid nanoparticles cluster to form 
more efficient conduction pathways, thereby enhancing thermal conductivity of the fluid.  
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Figure 10: Thermal conductivity experimental results of commercial ferrofluids without 
magnetic field @ 25°C 
 
 
Figure 11: Thermal conductivity experimental results of commercial ferrofluids with 
magnetic field @ 25°C 
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3.5 Particle Sizing (Commercial Ferrofluids) 
3.5.1 Depolarized Dynamic Light Scattering (DDLS)  
As the undiluted ferrofluid comes from the same stock, only 5% dilution ferrofluid samples 
were used for DDLS and TEM. 
For DDLS, due to the opaqueness of the diluted ferrofluid samples, it was necessary to further 
dilute the samples to prevent the scattering of light. A dilution factor of 500 with DIW was 
performed on the 5% dilution ferrofluid samples, which gives a ratio of 5% dilution ferrofluid 
samples:DIW as 10 µL:5 mL. Intensity weighted graphs represents the amount of light 
intensity absorbed by the particles (see Figure 12). The larger the particle size, the more 
intensity it absorbs, thus, showing a higher peak. However, if a smaller sized particle can be 
observed compared to a larger particle, it means that there should be a lot of smaller particles 
observed in comparison to the larger particles. Number weighted graphs represents the 
predicted concentrated of particles in the solution (see Figure 12). As seen in all measured 
samples, the number-weighted graphs indicate that most of the sample is made up of smaller 
particles compared to larger ones. The reliability of these results was verified by performing 
TEM on the samples. It was also visibly observed that samples EMG707 5%, and EMG708 5% 
had agglomerates floating in the sample. These agglomerates were most likely the clumping 
of many small particles, or a single particle. EMG807 5% showed some agglomerates, but far 
fewer compared to EMG707 5% or EMG708 5%. The presence of these agglomerates was 
reflected in the DDLS results with a larger particle size reflected in the intensity-weighted 
graphs compared to EMG308 5% and EMG408 5%, which do not have visible agglomerates 
that have formed in the sample. The results are shown below in Table 10. The experiment 
was performed four times (Run 1 – 4), and the average reading of the four runs was taken as 
the particle size. 
Table 10: Summary of DDLS measurement results (commercial ferrofluids) 
Sample Particle Size (nm) Avg Particle Size 
(nm) 
Maximum Particle Size 
(nm) Run 1 Run 2 Run 3 Run 4 
EMG308 2.13 4.07 8.56 8.17 5.7 46 
EMG408 2.81 4.9 7.11 7.11 5.5 55 
EMG707 3.38 3.89 10.3 6.48 6.0 110 
EMG708 4.26 6.19 8.18 8.18 6.7 121 
EMG807 3.89 3.89 8.96 5.64 5.6 80 
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Figure 12: DDLS results for EMG707 ferrofluid – number weighted vs intensity weighted 
graphs 
 
As explained above, there were two different graphs obtained performing DDLS for the 
ferrofluid solutions – intensity-weighted and number-weighted graphs. The sizing results for 
the self-fabricated Fe3O4 SPIONs show that as expected, the particle sizes are essentially 
independent of the surfactant used (refer to Table 11).  
Table 11: Summary of DDLS measurement results (fabricated ferrofluids) 
Sample Particle Size (nm) Avg Particle 
Size (nm) 
Maximum 
Particle Size (nm) Run 1 Run 2 Run 3 
DPA 20% 5.79 6.07 11.21 7.7 104.1 
TMAH 20% 5.94 6.06 11.12 7.7 103.3 
 
3.5.2 Transmission Electron Microscopy (TEM) 
From TEM, it was observed that the ferrofluids were fabricated using the co-precipitation 
method, reflected by the polydisperse paramagnetic nanoparticles [71]. The particle sizes 
obtained from TEM are slightly larger than those obtained from DDLS (see Figure 12). This is 
due to the evaporation under ambient atmosphere of the solution during sample preparation. 
The nanoparticles are deposited onto strong carbon grids (GSCu200C-50), spurring the 
nanoparticles towards further aggregation and overlap due to the elevating free energy at 
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the grain boundary [76]. However, it can be concluded that the number weighted graphs are 
reliable when compared to the TEM results (refer to Table 12).  
Table 12: Summary of TEM results (commercial ferrofluids) 
Sample Measured Particle Size (nm) Avg Particle 
Size (nm) Reading 1 Reading 2 Reading 3 Reading 4 
EMG308 6.9 7.7 8.6 13.6 9.2 
EMG408 7.6 9.1 11.4 15.2 10.8 
EMG707 4.5 6.8 9.8 15.0 9.0 
EMG708 7.6 11.4 13.6 16.7 12.3 
EMG807 7.6 9.1 9.9 15.2 10.4 
 
 
Figure 13: DPA20% TEM results 
 
It was also observed that the TEM results show a slightly larger size compared to the DDLS 
results (refer to Table 13), however, the phenomenon of particle aggregation and overlap due 
to evaporation causing the larger particle size observed was explained earlier. These results 
show the particle size is in the right order of magnitude to remain stable in solution. 
Table 13: Summary of TEM results (self-fabricated ferrofluids) 
Sample Measured Particle Size (nm) Avg Particle 
Size (nm) Reading 1 Reading 2 Reading 3 Reading 4 
DPA 20% 9.9 9.1 9.2 14.4 10.6 
TMAH 20% 7.9 9.2 9.7 9.7 9.1 
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Chapter 4 
Two-Phase Ferrofluidic Flow in 1 mm Microchannel 
This chapter provides the details of the fabrication of the 1 mm microchannel3 which uses a 
3D casting method. 1 mm was chosen as an initial channel diameter to test the two-phase 
ferrofluidic flow with more ease before progressing to smaller channel dimensions. Heat 
transfer, flow visualisation, and pressure drop experiments were conducted. The 
experimental outline follows the sequence: single-phase flow (no magnet), single-phase flow 
(with magnet), two-phase flow (no magnet), two-phase flow (with magnet). This chapter 
formed the basis of the journal paper ‘Ferrofluids for heat transfer enhancement under an 
external magnetic field’ [69].  
4.1 Microchannel Fabrication 
4.1.1 DIW Validation 
To fabricate the microchannel, the proposed 3D casting method by Saggiomo and Velders was 
adopted [78]. The following steps were used (see Figure 14): 
1. The design of the sacrificial microchannel mould was first 3D printed in acrylonitrile 
butadiene styrene (ABS) with a layer thickness of 0.254 mm (or 254 µm) at RMIT’s 
Advanced Manufacturing Precinct (AMP) using the uPrint SE 3D Printer (Stratasys) (see 
Figure 15).  
2. The microchannel mould was vapour smoothed with acetone vapour. Following this 
process, optical profiling was performed using the Olympus LEXT OLS4100 3D 
Measuring Laser Microscope to obtain the surface roughness measurements of the 
untreated and treated microchannel sacrificial moulds. Two untreated (sample 1 and 
2) and two treated (sample 3 and 4) sacrificial moulds were inspected. For each 
sample, six images were stitched together to cover an area of 12.256 mm x 2.574 mm, 
at magnification of 5x. The results show that the treated sacrificial moulds are about 
four times smoother compared to the untreated moulds (refer to Table 14).  
3. A nichrome heater coil (wire gauge 28) was then carefully wrapped around the treated 
sacrificial mould at the allocated location along the straight length.  
4. Thermocouples were positioned near the microchannel with the help of access ports 
created using additional stems in the ABS thermocouple adapter.  
5. Degassed PDMS at a mixture ratio of 10:1 was then poured into the pre-prepared glass 
mould over the sacrificial mould. The PDMS was left to cure in the oven at 75 °C for 2-
3 hours.  
6. The thermocouple adapter and PDMS mould was removed, and the cured 
thermocouple embedded microchannel PDMS was soaked in acetone for at least 48 
hours to allow the acetone to soften the sacrificial mould.  
 
3 The definition of a microchannel as 1 μm – 1 mm was adopted in this work [77] Y. Fan and L. Luo, 
"Recent Applications of Advances in Microchannel Heat Exchangers and Multi-Scale Design Optimization," Heat 
Transfer Engineering, vol. 29, no. 5, pp. 461-474, 2008. 
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7. Acetone was then pushed through the inlet/outlet ports of the PDMS mould using a 
syringe until all the sacrificial mould was fully dissolved and flushed out, creating a 
cavity.  
8. Finally, DIW was flushed through the cavity to clear any remaining solid particles, 
producing the desired microchannel (see Figure 18). 
 
 
Figure 14: 1 mm microchannel 3D casting fabrication steps 
 
 
Figure 15: 1 mm microchannel sacrificial mould dimensions (top view) 
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Figure 16: Embedded thermocouples in 1 mm microchannel flow (isometric view) 
 
 
Figure 17: Embedded thermocouples in 1 mm microchannel flow (top view) 
 
Eight T-type thermocouples (Teflon-insulated, twisted pair, solid 1/0.2 mm diameter) were 
embedded in the PDMS; two thermocouples embedded into the microchannel flow – one at 
the inlet heated area, and the other at the outlet heated area (see Figure 16 and Figure 17). 
The other six thermocouples were along the microchannel length (see Figure 16). Small 
diameter thermocouple wires were used to minimise conduction losses. Temperature were 
recorded using a temperature data logger (TC-08, Pico Technology). The temperature 
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measurement system was calibrated against a traceable platinum resistance thermometer 
(PRT) (P795, Dostmann) in a uniform temperature water bath with an immersion circulator 
(MPC-E, Huber).  
 
Figure 18: Fabricated 1 mm PDMS microchannel filled with DIW mixed with orange dye 
showing all the embedded thermocouples and heater 
 
4.1.2 Optical Profiling  
The untreated sample measurements show that the bottom surface of the sacrificial mould 
is rougher than the top surface (refer to Table 14). This is explained by the 3D printing method, 
where the bottom surface of the sacrificial mould is directly printed onto the rough support 
structure. It can be observed that the surface roughness of the bottom surface of the 
sacrificial mould improves by a factor of 2-4 times after treatment. However, the top surface 
becomes about 0.5-0.8 times rougher after treatment. This can be attributed to the arbitrary 
vapour smoothing process, which affects the surface topography of the entire sample. The 
3D surface roughness parameter is expanded from the 2D surface roughness parameter, 
expressing the average of the absolute values of Z(x,y), the height parameter, in the measured 
area [79]. It expresses the maximum value of peak height and the maximum value of valley 
depth on the surface within the measured area. Apart from surface roughness 
measurements, the waviness characteristic of the sacrificial moulds was also measured. 
Waviness is a broader view of roughness and can be defined as the measurement of the more 
widely spaced components of surface texture. It was observed that the sacrificial moulds 
become less wavy after treatment for the bottom surface and remains about the same for 
the top surface. Overall, it can be inferred that surface roughness of the 3D printed 
microchannel sacrificial moulds generally become smoother after performing vapour 
smoothing with acetone.  
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Table 14: Summary of optical profiling results 
Sample 2D Surface Roughness (μm) 3D Surface Roughness (μm) 
Top Bottom Top  Bottom 
Sample 1 (Untreated)  8.1 33.3 9.0 47.5 
Sample 2 (Untreated) 9.0 28.5 7.4 36.3 
Sample 3 (Treated) 10.3 11.8 14.0 15.5 
Sample 4 (Treated) 5.4 10.1 15.3 14.3 
 
4.2 Heat Transfer Experiments 
The heat transfer experiment was set up as shown in Figure 19. The heated area of the 
microchannel is shown in Figure 20. Fluids were introduced via the continuous and dispersed 
phase syringe pump system. For single-phase flow, only the continuous phase syringe pump 
system was being employed. The syringe pump system consists of a gastight glass syringe (50 
mL luer lock, Scientific Glass Engineering), and a precision syringe pump (PHD ULTRA™ Series, 
Harvard Apparatus or KDS100, KD Scientific). Temperature of the flow was measured along 
the channel (see Figure 16) using a temperature data logger (TC-08, Pico Technology) and 
recorded on the computer. An external magnetic field was introduced to the flow via a 
permanent magnet (see Figure 8). The magnetic flux was varied by varying the distance of the 
magnet to the microchannel using a magnetic holder (see Figure 21). The magnet used was a 
40 mm x 15 mm x 8 mm block neodymium magnet (Grade N42, Aussie Magnets). 
 
Figure 19: Heat transfer experiment set up 
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Figure 20: Top view of microchannel indicating heated area 
 
 
Figure 21: Magnet holder to adjust magnetic flux density 
 
4.2.1 Single-Phase Flow 
4.2.1.1 Experimental Nusselt number determination 
Nusselt number, Nu, is expressed as  
 
Nu = 
hDh
κ
 
 
(5) 
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where Dh represents the characteristic hydraulic diameter in m, and κ is the thermal 
conductivity of the fluid in W/(m·K). The average convective heat transfer coefficient of the 
flow, h in W/(m2·K), is expressed as 
  
h = 
qf
(Tw,avg-Tf,avg)
 
 
(6) 
where qf is the heat flux in W/m2, Tw,avg is the average wall temperature (Tw,out + Tw,in)/2 in K, 
and Tf,avg is the average fluid temperature difference (Tout +Tin)/2 in K. Here, qf can be 
calculated as 
 
qf = 
Q̇ρcp(Tout-Tin)
A
 
 
(7) 
where Q̇ is the volumetric flow rate in m3/s, ρ is density of the fluid in kg/m3, cp is the specific 
heat capacity of the fluid in J/(kg·K), (Tout – Tin) is the average fluid temperature difference in 
K. A is the cross-sectional area normal to the heat flux in m2, calculated as  
 A = 4DhdL 
 
(8) 
where dL is the length of the heated section in m.   
As the solid volume fraction of magnetic nanoparticles was estimated to be 0.03 – 0.4% 
depending on the sample, ρ and cp for ferrofluid was assumed to have about the same value 
as the carrier fluid (DIW). 
4.2.1.2 Theoretical Nusselt number determination 
Theoretical Nu was obtained using a heat transfer correlation for hydrodynamically 
developed and thermally developing  laminar flow given in Mills [80], and is expressed as 
 
Nu = 3.66+ 
0.065RePr
Dh
L
1 + 0.04 (RePr
Dh
L )
 2/3 
 
 
(9) 
where Re is Reynolds number, Pr is Prandtl number, Dh is hydraulic diameter in m, and L is 
the channel length in m. 
Prandtl number (Pr) is expressed as 
 Pr = 
cpμ
κ
 
 
(10) 
where cp is the specific heat in J/(kg·K), μ is dynamic viscosity in Pa·s, and κ is thermal 
conductivity in W/(m·K) 
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4.2.1.3 DIW validation 
DIW was used as the reference fluid for heat transfer experiments. The experiment was 
performed six times – twice each for power inputs of 0.36 W, 0.63 W, and 0.975 W to the 
heated section. The average Nu across all data sets for DIW is 1.594 (see Figure 22). This value 
was taken as the true experimental value for DIW, and upscaled to the true theoretical value 
of 3.61 for DIW flowing through a rectangular cross-section with all four walls transferring 
heat [81]. The heat loss from the channel and the non-square cross section (see Figure 23) is 
the likely cause for the lower Nu [13].  
 
Figure 22: Nu vs Re (DIW calibration for 1 mm microchannel) 
 
43 
 
Figure 23: Cross-section of non-square 3D casted microchannel cavity in PDMS 
4.2.1.4 Diluted commercial ferrofluid samples (without a magnetic field) 
Figure 24 shows the ratio of Nu measured in the ferrofluid to that of DIW i.e. NuFF/NuDIW, 
referred to from here on as Nusselt number ratio. EMG708 5% recorded the highest heat 
transfer enhancement of about 116% improvement compared to DIW. This large 
improvement can be attributed to the induced magnetic flux of about 6 mT produced by the 
nichrome heater coil. Due to the induced magnetic flux, the magnetic nanoparticles align, 
increasing conduction pathways, which increases thermal conductivity of the ferrofluid. 
EMG708 10% has a higher percentage of magnetic nanoparticles, which should theoretically 
result in higher heat transfer rates with increased conduction pathways. However, EMG708 
10% records a lower Nu compared to EMG708 5%. This difference could be attributed to the 
result of scaling the numbers from the measured value up to 3.61, adding another degree of 
uncertainty for the results. 
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Figure 24: Nu ratio results without magnetic field @ Re = 11.6 
 
In accordance with Faraday’s law of electromagnetic induction, a magnetic field is induced by 
the current carrying wire. The direction of the magnetic field is known from Maxwell’s right-
hand grip rule. The induced magnetic flux (Binduced) can be calculated via the Ampere law and 
is expressed as 
 
Binduced= n
μ0I
2R
 
 
(11) 
where Binduced represents the induced magnetic flux in T, n is the number of turns enclosed by 
the heater coil, µ0 represents the permeability of free space with a value of (4π x 10-7) in N/A2, 
I represents the amount of current in A, and R is the radius of the circular heater coil loop in 
m.  
4.2.1.5 Diluted commercial ferrofluid samples (with a magnetic field) 
A non-uniform magnetic field strength of 10, 20, 30, 40 and 50 mT was applied perpendicular 
to the fluid flow at the heated section via a permanent magnet. Generally, it was observed 
that the Nu ratio decreases with increasing magnetic field strength for all diluted ferrofluid 
samples (see Figure 25). 
Using EMG807 5% as an example (see Figure 26), it can also be observed that Nu decreases 
significantly when the magnetic flux increases from 0 to 10 mT. As magnetic flux increases 
further, the Nu continues to decrease. This may be attributed to the solid magnetic 
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nanoparticles getting trapped at the area of highest magnetic flux strength such that it 
becomes detrimental to heat transfer. This particle trapping behaviour was explained by 
Hejazian and Nguyen [82]. They explain how the solid magnetic nanoparticle escapes, focuses 
into a line, until they reach a minimum field zone and become almost stationary being trapped 
at its centre.  
However, it was also observed that the obtained Nu for zero magnetic flux was lower than 
the first round of measurements. This can be attributed to the samples themselves becoming 
unstable due to more exposure to an oxidised atmosphere from other testing, thus affecting 
the results. To obtain more accurate results, ferrofluids were self-fabricated to achieve the 
desired material characteristics for future experiments.   
 
Figure 25: Decrease of NuFF/NuDIW with increasing magnetic flux density for commercial 
ferrofluids in single-phase flow @ Re = 11.6 
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Figure 26: Decrease of NuFF/NuDIW with increasing magnetic field for single-phase EMG807 
5% @ Re = 11.6 
 
4.2.2 Two-Phase Flow 
4.2.2.1 Two-phase flow parameters 
The following parameters were used to calculate two-phase flow: 
 utp = ucp+udp 
 
(12) 
where utp is two-phase flow velocity in m/s, ucp is continuous phase velocity in m/s, and udp is 
dispersed phase velocity in m/s. 
 
Retp = 
ρcputpDh
μcp
 
 
(13) 
where Retp is two-phase Reynolds number for two-phase flow, ρcp is continuous phase density 
in kg/m3, utp is two-phase flow velocity in m/s, Dh is hydraulic diameter of the channel in m, 
and μcp is continuous phase dynamic viscosity in Pa·s.  
 
Ca = 
μcputp
ϒ
 
 
(14) 
where Ca is Capillary number, μcp is continuous phase dynamic viscosity in Pa·s, utp is two-
phase flow velocity in m/s, and ϒ is interfacial tension in N/m [83]. 
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4.2.2.2 DIW validation 
As a benchmark against which to compare the heat transfer enhancement provided by the 
ferrofluids, the heat transfer enhancement of two-phase flow using DIW as the dispersed 
phase and 0.65 mm2/s silicone oil as the continuous phase, to single-phase DIW was 
measured. Results showed an approximate doubling (200%) of heat transfer of the two-phase 
compared to single-phase flow (see Figure 27). 
 
Figure 27: NuDIW+OIL/NuDIW vs Re for two-phase DIW+Oil flow 
 
4.2.2.3 Ferrofluidic plug flow heat transfer enhancement (without a magnetic 
field) 
Using ferrofluid plugs as the dispersed phase, the heat transfer rate increased (at low Re) 
compared to using DIW as the dispersed phase (see Figure 28). It can also be observed that 
commercial ferrofluid EMG707 20% yielded the highest heat transfer enhancement, followed 
by TMAH 20% then DPA 20% in the absence of an external magnetic field. The results also 
show significant heat transfer rate enhancement (almost three times compared to DIW at low 
Re (Re = 2.32), but very little enhancement for higher Reynolds numbers).  
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Figure 28: NuFF+OIL/NuDIW+OIL vs Re without magnetic field @ a combined flow rate of 50 mL/h  
 
4.2.2.4 Ferrofluidic plug flow heat transfer enhancement (with a magnetic 
field) 
Under the influence of an external magnetic field, there is improved heat transfer 
enhancement compared to the case when no external magnetic field was applied (see Figure 
29). It was also observed that heat transfer is enhanced with increased magnetic flux strength. 
This is different from single-phase flow heat transfer results previously obtained, where heat 
transfer rate decreases under the influence of an external magnetic field (see Figure 30). The 
likely reason for this is that the solid magnetic nanoparticles do not come out of solution and 
get stuck to the channel wall under the influence of an external magnetic field with the 
presence of the oil phase, remaining in the plugs. This phenomenon will be further explained 
in section 5.2.1. 
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Figure 29: NuFF+OIL/NuDIW+OIL vs Magnetic Flux Density @ Re = 11.6, Ca = 0.71 
 
 
Figure 30: NuFF or FF+OIL/NuDIW @ Re = 11.6, Ca = 0.71 for the enhancement over DIW for both 
single-phase and two-phase flow 
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4.3 Flow Visualisation Experiments 
4.3.1 Magnetic Mixing (Single-Phase Flow) 
In order to visualise mixing with the magnet, a fluorescein mixture – 0.05 g of fluorescein 
sodium salt (F6377-100G, Sigma-Aldrich) mixed with 20 mL of DIW and EMG707 20% 
ferrofluid were used for flow visualisation experiments. EMG707 20% refers to 20% EMG707 
ferrofluid content to 80% DIW, which makes up the EMG707 20% ferrofluid. The 3D casted 1 
mm microchannel mould was used as the microfluidic chip. Single-phase flow was visualised 
using an inverted microscope (Eclipse TS100, Nikon) and recorded using a microscopy camera 
(USB 2.0 Camera, Edmund Optics). Ferrofluid and fluorescein mixture were individually 
introduced to the microfluidic chip using a precision syringe pump (SPM 100, SIMTech 
Microfluidics Foundry) via a plastic syringe (10 mL luer slip, Terumo). All connection tubes 
were attached to the microfluidic chip using ultraviolet (UV) curing glue (3526, Loctite). A 3.2 
mm3 neodymium (NdFeB) permanent magnet (B222, K&J Magnetic Inc.) was used to 
introduce an external magnetic field. The mixture of ferrofluid and fluorescein dye was 
collected at the outlet collection reservoir and disposed of after the experiment. The 
experiment was set up as shown in Figure 31. The magnet was placed at two different 
positions – magnet position 1 (see Figure 32) and magnet position 2 (see Figure 33), to 
observe any difference in mixing ability due to the influence of magnetic flux strength. 
 
Figure 31: Single-phase flow visualisation experimental set up 
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Figure 32: Single-phase flow visualisation – magnet position 1 
 
 
Figure 33: Single-phase flow visualisation – magnet position 2 
 
In the absence of a magnetic field, the flow rates of the ferrofluid and fluorescein mixture 
were set so that they occupied equal volumes in the channel (i.e. 1:1 ratio of 
ferrofluid:fluorescein mixture) (see Figure 34a). To achieve this, the fluorescein mixture and 
the ferrofluid were introduced at a flow rate of 800 μL/min and 50 μL/min respectively due 
to their different viscosities. Without a magnet, very slight mixing of the ferrofluid and 
fluorescein mixture occurred via molecular diffusion as observed by the blurring of the 
interface (see Figure 34a). However, with the application of a magnetic field, it was observed 
that mixing was greatly enhanced (see Figure 34b and Figure 34c). At magnet position 1, 
mixing occurred rapidly as observed by the fluorescein mixture mixing with the ferrofluid and 
filling the entire channel (see Figure 34b). At magnet position 2, because the magnetic field is 
further away from the area of interest, magnetic flux applied to the area is reduced. Hence, 
less mixing is observed (see Figure 34c). It can thus be concluded that mixing is enhanced with 
increased magnetic flux. 
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Figure 34: Visualisation of effect of magnetic field on mixing in microchannel 
 
4.3.2 Magnetic Nanoparticle Layer Build-Up 
As observed from the single-phase flow heat transfer results in section 4.2.1.5, heat transfer 
rates decrease with an increase in magnetic flux density. In order to investigate this further, 
a small microchannel with a coverslip as the bottom was used so that a high magnification 
lens could be used to visualise the flow. A magnetic flux density of 200 mT was applied to the 
flow at a flow rate of 2 mL/h. It must be noted that a 100x100 μm microchannel was used for 
this experiment. The fabrication of the microchannel will be elaborated in the next chapter. 
What was observed was that the magnetic nanoparticles come out of solution and build up 
at the area of strongest magnetic flux density overtime, at a rate of 0.283 μm/s (see Figure 
35).  
 
Figure 35: Magnetic nanoparticle layer build-up @ 2 mL/h, B = 200 mT 
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However, when a flow rate of 5 mL/h was applied, there was no build-up of solid magnetic 
nanoparticles overtime (see Figure 36). This means that the hydrodynamic force provided by 
the pump exceeds the magnetic force provided by the magnet, thereby preventing the 
nanoparticles becoming pinned to the wall.  
 
Figure 36: Magnetic nanoparticle layer build-up @ 5 mL/h, B = 200 mT 
 
The decrease in heat transfer can be attributed to the decrease in effective thermal 
conductivity (κeff) of the ferrofluid (see Figure 37). To calculate the effective thermal 
conductivity in the presence of a magnetic field (κeff’), it was assumed that the solid magnetic 
nanoparticles gets stacked in the region of highest magnetic flux and form a solid layer. The 
average thickness of the solid nanoparticle layer (hFF) was taken such that the thickness layer 
ratio (hFF/hDIW) equals the thermal conductivity ratio (hFF:hDIW = κeff:κDIW). Hence, κeff’ is 
expressed as 
 
κeff
' =
hDIW
h
κDIW+
hFF
h
κeff 
(15) 
 
where κeff’ represents the effective thermal conductivity of the ferrofluid in the presence of a 
magnetic field in W/(m·K), hDIW and hFF are the thickness layers of DIW and the solid magnetic 
nanoparticle respectively in m, h is total thickness of the channel in m, κDIW and κeff are the 
thermal conductivities of DIW and the ferrofluid respectively in W/(m·K).  
Using this approach, the effective thermal conductivity was calculated to have a value of κeff’ 
= 0.559 W/(m·K) for EMG707 10% at a flow rate of 2 mL/h and a magnetic flux of 200 mT. This 
value is lower than compared to the effective thermal conductivity obtained when the 
magnetic particles were in suspension without the effect of an external magnetic field (i.e. 
κeff/κDIW = 1.07 W/(m·K) vs κeff’/κDIW = 0.916 W/(m·K)). 
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Figure 37: Effective thermal conductivity phenomenon 
 
4.3.3 Particle Trajectory 
A force balance analysis was performed to understand the trajectory of the magnetic 
nanoparticles as they come out from a polydisperse solution because of an external magnetic 
field. To predict the trajectory of a single Fe3O4 particle in the ferrofluid flow exposed to an 
external magnetic field, a balance of the magnetic force provided by the permanent magnet 
and hydrodynamic drag force. It was assumed that the particle was flowing with the flow at 
any given time, and the only force acting on the particle is the external magnetic force, FB 
expressed as 
 
FB=μ0H
2d2=
B2
μ0
d2 
(16) 
 
where FB is the magnetic force acting on the particle in N, μ0 is the permeability of vacuum in 
free space in m·kg/s2A2, H is the magnetic field strength in A/m, B is the magnetic flux density 
in T, ρ is density of the particle in kg/m3, and d is the diameter of the particle in m. 
Drag force, FD acting on the particle can be expressed as 
 FD=-3πμvyd (17) 
 
where μ is the viscosity of the ferrofluid in kg/(s·m), d is the diameter of the particle in m, and 
vy is the velocity of the particle in the y component or lateral direction in m/s. 
The critical value of vy is when FB = FD which can be expressed as 
 
vy,critical=
B2d
μ0(-3πμ)
 
(18) 
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where vy,critical is the critical value of vy  in m/s, B is the magnetic flux density in T, d is the 
diameter of the particle in m, μ0 is the permeability of vacuum in free space in m·kg/s2A2, and 
μ is the viscosity of the fluid in Pa·s.  
Taking upwards as positive, forces acting in the y-direction can be expressed as  
 
-FB+FD=m
dvy
dt
 
(19) 
 
where m is the mass of the particle in kg, dvy/dt is the rate of change of velocity of the particle 
in the y-direction in m/s. combining expressions 10 – 13, a relationship between particle 
position as a function of time can be obtained. 
Substituting expression 17 into 19, and assuming a constant magnetic field, integration is as 
follows: 
∫
m
-3πμvyd-FB
dvy = ∫ dt . 
 
Hence, 
 t=-
m
3πμd
ln|-3πμvyd-FB|+C 
(20) 
 
It was assumed that vy = 0 m/s at t = 0 s (i.e. a magnetic particle is initially absent of magnetic 
force), therefore, 
 C=
m
3πμd
ln|-FB| 
(21) 
 
Therefore, vy can be expressed as 
 
vy=
FB(1+e
-3πμdt
m )
-3πμd
 
(22) 
 
where vy is the velocity of the particle in the y-component. 
To find the y-position of the particle, integration of vy is as such: 
y-y0=
FB
-3πμd
∫ (1+e
-3πμdt
m ) dt =
FB
-3πμd
(t+
me
-3πμdt
m
-3πμd
). 
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Therefore, y-position of the particle can be obtained as 
 
y = y0+
FB
-3πμd
∫ (1+e
-3πμdt
m ) dt = y0+
FB
-3πμd
(t+
me
-3πμdt
m
-3πμd
) 
(23) 
 
where y is the y-position of the particle in m, y0 is the initial y-position of the particle in m, FB 
is the magnetic force acting on a particle in N, μ is the viscosity of the fluid in Pa·s, d is the 
diameter of the particle in m, m is mass of the particle in kg, and t is time in s.  
To find the x-position of the particle, the following equations were applied. It was assumed 
that flow is laminar in a rectangular channel. Hence, the velocity profile vx for the square 
cross-section channel can be expressed as [84]: 
 
vx= v(y,z)=
16a3
μπ3
(-
dP
dx
) ∑ (-1)
i-1
2 (1-
cosh (
iπz
2a)
cosh (
iπb
2a )
) ×
cos (
iπy
2a )
i3
∞
i=1,3,5,…
=
dx
dt
 
(24) 
 
where v(y,z) = vx = dx/dt which is the x-component of velocity in m/s, -a ≤ y ≤ a is the width of 
the channel in m, (-dP/dx) is the pressure gradient in Pa/m, and -b ≤ z ≤ b is the height of the 
channel in m.  
It was defined that b = 0 to get the velocity in the mid-plane of the channel.  
The solution of vx to a fourth order polynomial was approximated. For a flow rate of Q̇ = 0.5 
mL/h, the equation is obtained as 
 vx= -6E+11y
4 + 223394y3 - 7232.7y2 - 0.0104y + 0.0026 (25) 
 
Substituting equation (24) into equation (25), and neglecting the exponential term as it is very 
small, the following expression is obtained as 
 
vx= 
dx
dt
= -6E+11 (y0+
FB
-3πμd
t)
4
+223394 (y0+
FB
-3πμd
t)
3
 
-7232.7 (y0+
FB
-3πμd
t)
2
- 0.0104 (y0+
FB
-3πμd
t) +0.0026. 
 
(26) 
 
Hence, 
∫ dx = ∫
-6E+11 (y0+
FB
-3πμd
t)
4
+ 223394 (y0+
FB
-3πμd
t)
3
- 7232.7 (y0+
FB
-3πμd
t)
2
- 0.0104 (y0+
FB
-3πμd
t) + 0.0026 dt.
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Solving the integral, the following expression is obtained as 
 
x = x0+
-6E+11 (y0+
FB
-3πμd t)
5
(-3πμd)
5FB
+ 
223394(y0+
FB
-3πμd t)
4
(-3πμd)
4FB
 
-
7232.7 (y0+
FB
-3πμd t)
3
(-3πμd)
3FB
- 
0.0104 (y0+
FB
-3πμd t)
2
(-3πμd)
2FB
+0.0026t. 
(27) 
 
Figure 38 shows the trajectory of magnetic particles with different initial positions within the 
channel, y0, at a relative x-position of x0 = 0. Also shown is the centreline velocity profile of 
the flow for a flow rate of 0.5 mL/h. Along each path line, the time step between data points 
is Δt = 1 s. The results here indicate the attraction of the particles towards the wall as they 
advect with the flow under the influence of the magnetic force. Flow visualisation further 
supports this effect.  
Figure 39 shows representative particle trajectories at the same flow conditions via digitally 
overlaying 100 frames of a sequence of images using the ImageJ software. To prevent 
oversaturation, the images’ greyscale was inverted, hence, moving magnetic particles appear 
white in the image. Several slow-moving particles can be seen to be drawn towards the 
bottom wall of the channel, creating piecewise streak lines on a diagonal to the direction of 
flow. Larger particles moving at higher velocities in the centre of the channel do not 
experience the same gradient and so appear as several individual white blotches separated 
by much larger distanced. As an artefact of the processing steps used, the stationary magnetic 
particles remain dark as shown at the bottom of the image. 
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Figure 38: Magnetic particle trajectory and velocity profile for rectangular channel @ Re = 
1.4 
 
 
Figure 39: Flow visualisation of magnetic particle trajectories for Δt = 8 s @ Re = 1.4 
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4.4 Pressure Drop 
4.4.1 Experimental Set Up 
Pressure drop measurement set up is shown in Figure 40. A pressure sensor (LP1000 Series, 
GE Druck) was used to measure the difference in pressure along the channel. It was supplied 
with a direct current (DC) voltage via a power supply, and the output voltage was measured 
via a digital multimeter set in the voltmeter mode. For single-phase flow, only the continuous 
phase syringe pump system was being employed. The syringe pump system consists of a 
gastight glass syringe (50 mL luer lock, Scientific Glass Engineering), and a precision syringe 
pump (PHD ULTRA™ Series, Harvard Apparatus or KDS100, KD Scientific). The mixture of 
ferrofluid and mineral oil was collected at the outlet collection reservoir and properly 
disposed of after the experiment. 
 
Figure 40: Pressure drop experimental set up 
 
4.4.2 Pressure Drop Calculation 
Pressure drop directly relates to the change in voltage measured across the pressure ports. 
First, the pressure sensor was supplied with an input voltage between 15-30 Vdc. Second, the 
pressure sensor was zeroed with no flow. Third, the desired flow rate was set on the precision 
syringe pump(s), introducing flow into the microchannel. Fourth, the measured voltage 
reading displayed on the voltmeter was recorded. Steps three and four were repeated for the 
desired flow rates. Finally, pressure drop was related to the change in voltage recorded. 
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According to the manufacturer, a change of 5 V is associated with a pressure difference of 50 
mbar.  
Pressure drop for single-phase flow increases with increasing Re but decreases at higher Re 
for two-phase flow (see Figure 41). The difference observed for two-phase flow is attributed 
to the additional factors affecting the flow such as plug length, slug unit length, and Capillary 
number. It can be observed that the longer the slug unit length, the lower the pressure drop 
(see Figure 42). This relates well with the empirical relation of two-phase pressure drop and 
slug unit length as displayed in equation (29).  
To calculate theoretical pressure drop, the following formulas were used; 
Single-phase flow [63]: 
 
dPsp = f
L
D
ρ
2
ν2  
(28) 
  
where dPsp refers to single-phase pressure drop in Pa, f is friction coefficient (f = 64/Re for 
laminar flow in circular channels), L is length of the channel, D is hydraulic diameter, and v is 
flow velocity. 
Two-phase flow [85]: 
 
(
dPtp
L
)
U
= 
8μcpvtp
R2
LD
LU
+ 
8μcpvtp
R2 [(1+
Ri
4
R4
)(
1
λ-1 )]
Lfilm
LU
+ 
4.52
LU
γ
R
(3Ca)2/3 
(29) 
 
where dPtp refers to two-phase pressure drop in Pa, LU is the slug unit length in m, µcp is the 
carrier phase viscosity in Pa·s, vtp is the two-phase velocity in m/s, LD is the plug length in m, 
R is capillary radius in m, Ri is the interfacial radius in m (Ri = R – δfilm), λ is the ratio of droplet 
(λ = μdp/μcp), ϒ is the interfacial tension in N/m, Ca is the capillary number. From equation 
(29), the longer the plug length, the higher the pressure drop. 
Film thickness, δfilm [83] is 
 δfilm
R
= 1.34Ca2/3 
 
(30) 
and Capillary number, Ca is described in equation (14). 
 
Figure 2 describes the two-phase flow regime, where 
 LU= LD + LC. (31) 
 
where LD is the plug length in m, and LC is the CP length in m. 
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A comparison of the Thermal Performance Factor (TPF) for the different flow cases at Re = 
11.6 was performed (see Figure 43). TPF is the figure of merit that is used to measure the 
balance between increased heat transfer and pumping power required for that increase. It 
can be calculated as 
 
TPF = 
Nu
f1/3
≡
Nu
∆P1/3
 
(32) 
 
The TPF is a widely used performance metric which considers both heat transfer 
improvements and the associated pumping power penalties which arise from the increases 
in pressure drop [86-88]. The 1/3 factor is based on the condition of constant pumping power. 
TPF is derived from the Stanton number (St), and can be calculated as 
 
St = 
Heat transferred into fluid
Thermal capacity of fluid
≡
Nu
RePr
 
(33) 
 
Figure 44 indicates that increase in TPF for two-phase ferrofluidic flow under external 
magnetic fields is attributed to the increase in Nu. 
To calculate theoretical TPF, theoretical values of Nu from equation (9) and ΔP from equations 
(28) and (29) were used. It can be observed that the theoretical value for DPA20%+Oil 
(Magnet) case is higher than the theoretical value for DPA20%+Oil case, which is likely to be 
caused by the inability of the theoretical modelling to account for the addition of the external 
magnetic fields. The only difference between these cases is that slug unit length is about 2% 
longer for the DPA20%+Oil (Magnet) case, which results in a slightly lower ΔPtp and thus 
higher theoretical TPF. Figure 42 describes the increase in slug unit length with a decrease in 
pressure drop, which correlates well with equation (29). Plug length is the same within 
tolerance for the DPA20%+Oil and DPA20%+Oil (Magnet) cases. Hence, the increase in slug 
unit length can be attributed to the increase in CP length.  
Figure 43 shows that in general, two-phase flow has about twice better TPF compared to 
single-phase flow. The best experimental TPF recorded is for the DPA20%+Oil (Magnet) case. 
This can be attributed to the disruption of flow due to the alignment of magnetic 
nanoparticles in accordance with the magnetic field lines, thus, enhancing mixing and as a 
result, increasing heat transfer rates. This is reflected in the much higher Nu obtained for the 
experiment compared to the calculated Nu for theory (see Figure 44), while pressure drop 
remains about the same (see Figure 41). This will be further investigated and explained in 
section 5.4.2.2.  
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Figure 41: Single-phase and two-phase pressure drop 
 
 
Figure 42: Slug unit length vs pressure drop of two-phase flow 
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Figure 43: TPF for different flow cases @ Re = 11.6 
 
 
Figure 44: Significance of Nu (excluding ΔP) for TPF @ Re = 11.6  
N
u
/∆
P
1
/3
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Chapter 5 
Two-Phase Ferrofluidic Flow in 100x100 μm Microchip 
This chapter provides details of the fabrication of the 100x100 μm microchip, which is a 3D 
stack that includes a thin film heater, a resistance temperature sensor, and a 100x100 μm 
microchannel. It also details flow visualisation and heat transfer experiments. Again, the 
experimental outline follows the sequence: single-phase flow (no magnet), single-phase flow 
(with magnet), two-phase flow (no magnet), two-phase flow (with magnet). Reducing the 
dimensions of the microchannel to 100 μm is driven by the desire to understand the physics 
of ferrofluidic flows suitable for application in the electronics industry, which continues to 
pursue the miniaturisation of components, [2] and the smaller dimensions allow higher heat 
transfer areas per unit volume. 
5.1 Microchip Fabrication 
Soft lithography was used to fabricate the microchannel used for flow visualisation 
experiments [89]. The design of the T-junction straight channel microchannel of 100x100 μm 
square cross-section was produced in AutoCAD. Standard soft lithography techniques were 
used to produce a silicon (Si) master from which polydimethylsiloxane (PDMS) microchannel 
structures were cast using the following steps: 
1. A dark field photomask of the microchannel design was printed on a transparent film. 
2.  A negative photoresist (SU-8 3050, MicroChem) was spun onto a Si wafer to generate 
the desired resist height of 100 μm and soft baked at 95°C for 45 minutes. 
3. The photomask was aligned with the photoresist (MA6 Mask Aligner, Karl Suss) and 
exposed to UV light.  
4. The exposed was post baked at 65°C for 1 minute, then 95°C for 5 minutes before 
developing using MicroChem’s SU-8 developer for about 15 minutes.  
5. The wafer was then rinsed and dried with Isopropyl Alcohol (IPA) and air dried with 
pressurized nitrogen.  
6. A 10:1 mixture of degassed PDMS was poured onto the wafer placed in a plastic petri 
dish and baked at 75°C for about 1 – 2 hours until fully cured.  
7. The desired PDMS microchannel was then cut from the cured PDMS block using a 
razor blade, and inlet and outlet holes were punched using a biopsy punch. 
8. Both the PDMS microchannel and a standard microscope glass slide were rinsed in IPA 
and blown dry with pressurized nitrogen before subjecting to oxygen plasma 
treatment (PDC-001 and PDC-002, Harrick Plasma) at 1120 Pa for 1 minute.  
9. PDMS and glass were then brought together within 10 seconds for full bonding.   
Maskless lithography was used to fabricate the microchannel used for heat transfer 
experiments at the micro scale. The microfluidic device consisted of two inlets and one outlet 
with a microchannel width and height of 100 μm each. Like traditional lithography, the 
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following steps were used to produce a Si master from which PDMS microchannel structures 
were cast using the following steps: 
1. A negative photoresist (SU-8 3050, MicroChem) was spun onto a four-inch Si wafer to 
generate the desired resist height of 100 μm and soft baked at 95°C for 45 minutes. 
2. Microchannel design was uploaded to the computer in GDS format (KLayout, 
Germany) to the maskless aligner software (MLA150, Heidelberg Instruments).   
3. Soft baked Si wafer was loaded onto the MLA150 maskless aligner, and ultraviolet (UV) 
light exposure dosage and defocus parameters were input into the software. 
4. Design pattern was exposed onto the Si wafer.  
5. Exposed wafer was post baked at 65°C for 1 minute, then 95°C for 5 minutes before 
developing using MicroChem’s SU-8 developer for about 15 minutes.  
6. Wafer was then rinsed and dried with Isopropyl Alcohol (IPA) and air dried with 
pressurized nitrogen.  
7. A 10:1 mixture of degassed PDMS was poured onto the wafer placed in a plastic petri 
dish and baked at 75°C for about 1 hour until fully cured.  
8. Desired PDMS microchannel was then cut from the cured PDMS block using a razor 
blade, and inlet and outlet holes were punched using a biopsy punch. 
9. PDMS microchannel was rinsed in IPA and blown dry with pressurized nitrogen and 
the layered heater and temperature sensor stack was subjected to oxygen plasma 
treatment (PDC-001 and PDC-002, Harrick Plasma) at 1120 Pa for 1 minute. Fabrication 
details for the layered stack will be explained below. 
10. PDMS and the layered stack were then brought together within 10 seconds for full 
bonding to produce the desired 100x100 μm microchip. 
To fabricate the titanium (Ti) heater and Ti temperature sensor layers for the micro scale chip 
for heat transfer experiments, the maskless lithography method was adopted. The following 
steps were used: 
1. An image reversal photoresist (AZ5214E, MicroChemicals) was spun onto a 76x51 mm 
glass wafer to generate the desired resist height of 1 μm and soft baked at 110°C for 50 
seconds. 
2. Heater design was uploaded to the computer in GDS format (KLayout, Germany) to the 
maskless aligner software (MLA150, Heidelberg Instruments). 
3. Soft baked glass water was loaded into the MLA150 maskless aligner, and UV light 
exposure dosage and defocus parameters were input into the software. 
4. Design pattern was exposed onto the Glass wafer. 
5. Exposed wafer was post baked at 120°C for 2 minutes before developing using 
MicroChemicals AZ 726 MIF developer for about 1 minute. 
6. Wafer was then rinsed with water and air dried with pressurized nitrogen. 
7. Developed wafer was placed into electron-beam (e-beam) machine. 
8. Desired metal was evaporated onto the glass wafer to get the desired height (540 nm) 
(see Figure 45). 
66 
9. Wafer was taken out and placed in a 70°C bath of AZ 100 Remover (MicroChemicals) for 
about 3-4 hours to remove metal outside of desired design area. 
10. Heater electrode pads were covered with double-sided sticky tape. 
11. Glass wafer was placed into the e-beam machine. 
12. Silicon dioxide (SiO2) was evaporated onto the glass wafer to get the desired height (700 
nm). 
13. Wafer was taken out and double-sided sticky tape was removed. 
14. Steps 1-13 were repeated, but for the temperature sensor design (Ti = 500 nm, SiO2 = 700 
nm) (see Figure 46). 
15. As explained above, to achieve the desired 100x100 μm microchip, the PDMS 
microchannel layer and the heater/temperature sensor layered stack was rinsed in IPA 
and blown dry with pressurized nitrogen and subjected to oxygen plasma treatment 
(PDC-001 and PDC-002, Harrick Plasma) at 1120 Pa for 1 minute (see Figure 47 and Figure 
48). 
16. PDMS and heater/temperature sensor layer stack were then brought together within 10 
seconds for full bonding with the aid of visual alignment marks, resulting in the 100x100 
μm microchip (see Figure 49).  
 
Figure 45: 100x100 μm microchip thin film resistance heater dimensions of 540 nm 
thickness 
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Figure 46: 100x100 μm microchip temperature sensor dimensions of 500 nm thickness    
 
 
Figure 47: Cross-section view – 100x100 μm microchip 
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Figure 48: Expanded view – 100x100 μm microchip 
 
 
Figure 49: 100x100 μm microchip dimensions (top view) 
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Figure 50: Actual fabricated 100x100 μm microchip 
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5.2 Flow Visualisation  
DIW and mineral oil was first used as a baseline to compare the difference between ferrofluid 
plugs. The PDMS chip bonded to glass with a microchannel size of 100 μm square cross-
section was used as the microfluidic chip. Ferrofluid plug and droplet formation was visualised 
using an inverted microscope (Eclipse TS100, Nikon) and recorded using a high-speed camera 
(Fastcam SA3, Photron). DIW/Ferrofluid and mineral oil were individually introduced to the 
microfluidic chip using a precision syringe pump (SPM 100, SIMTech Microfluidics Foundry) 
via a glass syringe (1.0 mL luer lock, Hamilton). The mixture of DIW/ferrofluid and mineral oil 
was collected at the outlet collection reservoir and properly disposed of after the experiment. 
The experiment was set up as shown in Figure 51 below. 
 
Figure 51: Two-phase flow ferrofluid plug formation experimental set up 
 
5.2.1 Plug formation 
DIW and EMG707 20% ferrofluid were introduced at a flow rate of 50 μL/h, while mineral oil 
was introduced at a flow rate of 100 μL/h. Plugs were formed using a T-junction. Figure 52 
and Figure 53 show plug formation around the channel junction for DIW and ferrofluids 
respectively. It can be clearly seen that the ferrofluid plugs are shorter than DIW, which is due 
to the lower interfacial tension (IFT) between the ferrofluid and silicone oil compared to the 
IFT between DIW and silicone oil as described in Chapter 3. The lower interfacial tension 
means the ferrofluid shears off more easily compared to DIW, thus forming smaller plugs. 
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Figure 52: Two-phase flow – DIW plug formation 
 
 
Figure 53: Two-phase flow – EMG707 20% ferrofluid plug formation 
 
5.2.2 Droplet formation 
Droplet flow (plugs smaller than the width of the channel) was explored to demonstrate the 
enhanced mixing ability of using ferrofluid droplets compared to ferrofluid plugs under the 
influence of external magnetic fields (see Figure 54). The envisioned droplet flow in the 
presence of magnetic fields is shown in Figure 55. Manipulating the ferrofluid droplets to 
travel across the microchannel using external magnetic fields could possibly enhance mixing 
of the flow, and thus, enhance heat transfer rates. To form the droplets, a flow focusing cross-
junction microchannel was used (see Figure 56). Droplet flow is a different flow regime from 
plug flow (see Figure 57) [90]. To create a non-uniform magnetic field in the channel, six 1.58 
mm x 1.58 mm cylindrical neodymium magnets were used (Grade N52, Frenergy Magnets). 
72 
At 0.7 mm away from the centreline of the microchannel, there is a maximum of 
approximately 100 mT (see Figure 58 and Figure 59) and minima with fields approximately 
100 times smaller. Figure 59 shows simulation results of the magnetic field contours for the 
magnet array, performed using the EMS for Solidworks software. The resultant magnetic field 
interactions are shown as a red line due to the maxima and minima magnetic flux densities 
(see Figure 59). 
Figure 60 shoes a stationary image of a series of ferrofluid droplets moving from left to right. 
The Particle Tracking plugin in ImageJ [91] was used to track the droplets along the 
microchannel without external magnetic fields. It can be  observed that without external 
magnetic fields, the ferrofluid droplets advect with the flow with no noticeable deviation 
perpendicular to the flow (see Figure 60). The Manual Tracking plugin in ImageJ [92] was used 
to track the droplet movement under the influence of external magnetic fields. With external 
magnetic fields, it was observed that the ferrofluid droplets deviate towards the magnetic 
poles under the influence of higher magnetic flux as they advect past the location of the 
magnets. As they continue along the channel towards the next magnet, which is located on 
the opposite side of the channel, they are observed to deviate laterally across the channel 
under the influence of the magnetic flux (see Figure 61), as predicted (see Figure 55).  
However, analysis of the droplet motion under the influence of the external magnetic fields 
indicates the flow is Stokes flow (i.e. viscous dominated) as the velocity of the droplet is 
negligible compared to the velocity of the flow. This suggests that the observed lateral 
movement of the droplets across the microchannel does not provide additional mixing to the 
flow. The aim was to explore whether smaller ferrofluid droplets could be used to drive 
significant lateral movement and hence improve mixing. Results indicate that the lateral 
velocities observed render the motion Stokes flow. However, as it is transient flow, Stokes 
flow may still disrupt the boundary layer, enhancing heat transfer rates. 
 
Figure 54: Cross-junction magnet array layout 
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Figure 55: Envisioned magnetic nanoparticle movement for single-phase ferrofluid flow in 
microchannel 
 
 
Figure 56: Dimensions of cross-junction microchannel 
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Figure 57: Droplet flow vs plug flow 
 
 
Figure 58: Magnified view of magnet array for cross-junction microchannel @ B = 100 mT 
 
 
Figure 59: Magnetic field simulation of alternating magnet array for B = 100 mT 
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Figure 60: Tracking of ferrofluid droplet flow without external magnetic fields (the bottom 
image is taken 1 s after the top image, and the streak lines indicate the motion of the 
droplet after 1 s) 
 
 
Figure 61: Tracking of ferrofluid droplet flow under external magnetic fields (the bottom 
image is taken 1 s after the top image, and the streak lines indicate the motion of the 
droplet after 1 s) 
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5.3 Micro-Particle Image Velocimetry (Micro-PIV or μPIV) 
Micro-PIV is a whole-field, non-intrusive measurement technique whereby fluid velocity is 
measured by recording the displacement of small tracer particles embedded within the fluid. 
Micro-PIV can provide two-dimensional velocity fields in microfluidic devices with high 
accuracy and high spatial resolution [93]. Micro-PIV was used in this work to experimentally 
verify the enhanced mixing behaviour due to the influence of external magnetic fields acting 
on the microfluidic flow (see Figure 62). Two magnet arrangements were compared: a single 
magnet (see Figure 63) and an alternating magnet array (see Figure 64 and Figure 65) case. 
The magnet used for the single magnet case was a 40 mm x 15 mm x 8 mm block neodymium 
magnet (Grade N42, Aussie Magnets) which maintained a magnetic flux of 50 mT. The 
magnets used for the magnet array were 1.58 mm x 1.58 mm cylindrical neodymium magnets 
(Grade N52, Frenergy Magnets). At 1.5 mm away from the centreline of the microchannel, 
they produce a magnetic flux of 50 mT (see Figure 65 and Figure 66). Figure 66 is a simulation 
of the magnetic field lines performed using the EMS for Solidworks software. It must be noted 
that mineral oil was used as the continuous phase for micro-PIV experiments and is simply 
referred to as oil from here on. A volume concentration of ~0.05% 1 μm Nile red tracer 
particles (Fluospheres™ carboxylate-modified, Invitrogen) was mixed with DPA20%. 1 μm 
diameter tracer particles were chosen to satisfy the recommendation that particle diameters 
two orders of magnitude smaller than the smallest channel dimension (100 μm) to allow the 
particles to accurately follow the flow path lines [94].  
 
Figure 62: Micro-PIV experimental set up 
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Figure 63: Micro-PIV single magnet layout @ B = 50 mT 
 
 
Figure 64: Micro-PIV magnet array layout @ B = 50 mT 
 
 
Figure 65: Magnified view of magnet array for T-junction microchannel 
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Figure 66: Magnetic field simulation of alternating magnet array for B = 50 mT 
 
5.3.1 Experimental outline 
Experiments were performed at two different labs – University College London (UCL) and 
Royal Melbourne Institute of Technology (RMIT) and are specified in the figures. 
5.3.1.1 Outline 1 (single-phase) 
Three experimental conditions were tested: No magnet; Single magnet; Magnet array. For 
each experimental condition, five different flow rates were recorded 
(Q̇=1, 5, 10, 15 and 50 μL/min). DIW was used as the control fluid against which the ferrofluid 
(DPA20%) was compared.  
5.3.1.2 Outline 2 (two-phase) 
Two experimental conditions were tested: No magnet and Single magnet. For each 
experimental condition, five different flow rate ratios were recorded (
Qcṗ
Qdṗ
= 
2
3
, 1, 
4
3
, 2 and 
8
3
), 
where Qcṗ  and Qdṗ  represents the volumetric flow rate of the continuous phase and dispersed 
phase respectively. Flow rate of oil (Qcṗ ) was kept at a constant of 40 μL/min, and the flow 
rate of the dispersed phase varied (Qdṗ =60, 40, 30, 20 and 15 μL/min). DIW and oil (DIW+Oil) 
were used as the base comparison fluids before progressing to using ferrofluid (DPA20%+Oil).  
5.3.2 Data processing 
5.3.2.1 Processing 1 (single-phase) 
100 image pairs were acquired, pre-processed via the ImageJ software, and then processed 
via the Tecplot software. Pre-processing involved extracting the background by subtracting 
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the minimum intensity from the image. Three pass ensemble correlation with the final 
window size of 32x16 pixels and a vector spacing of 20 pixels was employed resulting in a 
velocity vector field with a spatial resolution of 0.71 μm per pixel. 
5.3.2.2 Processing 2 (two-phase) 
100 image pairs were acquired, pre-processed and then processed via the INSIGHT 4G™ 
software (TSI, USA). A simple pre-processing algorithm was carried out in MATLAB to binarize 
the images, locate the centroids of the droplets, and shift the droplets such that each image 
pair had its centroid geometrically centred in the image for processing. An image pair is two 
images of the same flow field separated by a known time interval. This step was necessary to 
subtract the convective velocity of the droplets, removing the streamwise velocity form the 
analysis and enable interrogation of the internal recirculation flow fields [95]. Three pass 
ensemble correlation with the final window size of 32x16 pixels and a vector spacing of 20 
pixels was employed resulting in a velocity vector field with a spatial resolution of 0.64 μm 
per pixel. 
5.3.3 Single-phase results 
5.3.3.1 No magnet 
Both DIW and DPA20% flow resembles the numerical solution for single-phase laminar fluid 
flow in a square cross-section microchannel (see Figure 68). The ability to capture the 
centreline velocity appears better than the velocity midway from the centreline to the wall. 
The error observed in the experimental results for DIW (see Figure 68) can be attributed to 
the slight curvature of the top, left, and right sides of the microchannel. This is due to the 
oxygen plasma bonding process between the PDMS and glass slide. The PDMS part is pressed 
against the glass slide by hand with an arbitrary force and sticks to the glass slide due to the 
oxygen particles. After the force is released, the PDMS bounces back slightly whilst remaining 
bonded to the glass slide, causing the curvature. Figure 67 illustrates this phenomenon. 
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Figure 67: Illustration of resultant microchannel curvature due to error during oxygen 
plasma bonding process 
 
 
Figure 68: Theoretical and experimental velocity profile for DIW 
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5.3.3.2 Single magnet 
The velocity profile was taken directly in front of the magnet as shown in Figure 63. The 
application of an external magnetic field on one side of the microchannel attracts the solid 
magnetic nanoparticles to the channel wall, reducing the effective channel width [69]. This 
alters the velocity profile of the flow, shifting the flow towards the side of the channel away 
from the magnet. This behaviour can be observed for flow at 5 μL/min (see Figure 69) and 50 
μL/min (see Figure 70).  
5.3.3.3 Magnet array 
The velocity profile was taken in the centre of the magnet array as highlighted in Figure 64. It 
can be observed that there is a degree of flow focusing, causing a higher maximum flow 
velocity and thus higher velocity gradients (see Figure 69 and Figure 70). This can be 
attributed to the disruption of the flow as the magnetic nanoparticles gets drawn to the 
highest magnetic flux, and is reflected in Figure 69 and Figure 70 as a higher value of velocity. 
 
Figure 69: Velocity profile of flow @ 5 μL/min compared to theoretical curve for DPA20% at 
area of interest shown in Figure 63 and Figure 64 
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Figure 70: Velocity profile of flow @ 50 μL/min compared to theoretical curve for DPA20% 
at area of interest shown in Figure 63 and Figure 64 
 
5.3.4 Two-phase results 
The two-phase plug flow results for DPA20%+Oil were inaccurate (see Figure 72). No internal 
recirculation was observed as the velocity field lines were all positive. This does not make 
physical sense as the plug cannot move faster than the mean velocity of the flow. As the 
DPA20%+Oil case showing unphysical results, the results for the PIV DPA20%+Oil (Magnet) 
case are not used. The difference between single-phase flow and two-phase flow PIV results 
were the data processing procedure as the two-phase flow is transient. The anomaly in the 
results can be attributed to the uncertainty in aligning multiple droplets into 100 image pairs. 
This difference explained in section 5.3.2.2. 
5.3.4.1 No magnet 
Two main internal recirculation zones can be observed for the DIW+Oil case (see Figure 71) 
which agrees well with previous studies [85, 95, 96]. The recirculation within the plug is 
caused by the shear forces between the plug and the wall of the channel and are known to 
enhance heat transfer rates. However, for the DPA20%+Oil case (see Figure 72), as discussed 
previously, the results are not physical. The velocity relative to the mean plug flow velocity 
are all in the positive flow direction, not indicating any internal recirculation zones within the 
ferrofluid plug. As mentioned above, this could be due to the difficulty of post processing the 
transient flow when the contrast with the fluorescent particles is significantly reduced.  
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A comparison of measured plug length and film thickness from experiments to other 
published studies is shown in Table 15 and Table 16 respectively. The experimental data  most 
closely matches Tsaoulidis and Angeli’s [96] data for both plug length and film thickness. This 
can be attributed to the compatibility of the range of Ca and flow condition that Tsaoulidis 
and Angeli [96] performed their experiment against our experiments. Experiments were 
performed for two-phase flow at 0.039 < Ca < 0.072, while Tsaoulidis and Angeli [96] 
performed their experiments at 0.03 < Ca < 0.18. Garstecki et al. [97] observed a critical value 
for Ca (~10-2) where shear stresses start to become significant in the process of break off and 
plug formation. Therefore, the estimation of plug length does not correlate with our 
experimental values.  
 
Figure 71: Micro-PIV result for DIW+Oil case 1 for Retp = 0.83, Catp = 0.072 relative to bulk 
plug flow 
 
 
Figure 72: Micro-PIV result for DPA20%+Oil case 1 for Retp = 0.83, Catp = 0.079 relative to 
bulk plug flow 
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Table 15: Comparison of experimental data against current literature for plug length 
Flow rate 
ratio (
Qċ
Qḋ
) 
Normalized plug length (
Lp
Dh
 or 
Lp
w
) 
DIW+Oil DPA20%+Oil  
Experiment [96] [97] [98] Experiment  [96] [97] [98]  
2/3 2.90 2.97 2.50 1.75 3.10 3.05 2.50 1.71  
1 2.52 2.52 2.00 1.53 2.76 2.59 2.00 1.50  
4/3 2.26 2.28 1.75 1.39 2.44 2.35 1.75 1.36  
2 2.07 2.04 1.50 1.21 2.16 2.09 1.50 1.19  
8/3 1.88 1.91 1.38 1.10 1.91 1.96 1.38 1.08  
 
Table 16: Comparison of experimental data against current literature for film thickness 
Flow rate 
ratio (
Qċ
Qḋ
) 
Dimensionless film thickness (
δ
R
) 
DIW+Oil DPA20%+Oil 
Experiment [96] [99] [100] Experiment  [96] [99] [100] 
2/3 0.120 0.119 0.105 0.169 0.128 0.127 0.109 0.177 
1 0.100 0.100 0.093 0.151 0.108 0.107 0.097 0.159 
4/3 0.092 0.091 0.086 0.141 0.097 0.097 0.090 0.148 
2 0.082 0.081 0.079 0.130 0.087 0.087 0.083 0.137 
8/3 0.077 0.076 0.075 0.124 0.082 0.081 0.079 0.131 
 
5.3.4.2 Single magnet 
With the introduction of a magnet, it was observed that the magnetic particles align with the 
magnetic field lines (see Figure 73). It was also observed that the velocity profile changes 
under the influence of an external magnetic field (see Figure 73 and Figure 74). However, as 
discussed earlier, there are significant uncertainties in these results. It must be noted that the 
velocity reported in Figure 73 and Figure 74 is relative to bulk plug flow. The solid 
nanoparticles are being contained within the plug and do not stick to the channel wall (see 
Figure 73). This quasi-steady alignment in magnetic nanoparticles as the plug moves past the 
magnet changes the internal flow field inside the ferrofluid plug. Due to the 
superparamagnetic nature of the magnetic nanoparticles, the magnetic nanoparticles align 
according to the magnetic field lines, then demagnetizes after exiting the area where 
magnetic flux is present. Figure 86 and Figure 87 visualises this magnetization and 
demagnetization of magnetic nanoparticles disrupts internal recirculation within the plug, 
resulting in better temperature distribution of the fluid. This could explain the increased heat 
transfer rates recorded during the heat transfer experiments.  
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Figure 73: Plug image for DPA20%+Oil (single magnet) case 1 for Retp = 0.83, Catp = 0.079 
relative to bulk plug flow 
 
 
Figure 74: Micro-PIV result for DPA20%+Oil (single magnet) case 1 for Retp = 0.83, Catp = 
0.079 relative to bulk plug flow 
 
Figure 75 and Figure 76 show the velocity data points plotted along the microchannel width 
at the area of interest (see Figure 63). It can be observed that internal recirculation occurs 
within the plugs relative to the bulk plug flow. With a single magnet, it can be observed that 
the velocities experienced within the plug are higher than the case without a magnet. The 
increased velocities explain the increased internal recirculation within the plug, resulting in 
better mixing, and thus, enhanced heat transfer. The phenomenon is illustrated in Figure 87.  
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Figure 75: Two-phase flow experimental results @ 
Qcṗ
Qdṗ
=2/3, Retp = 0.83, CaDIW+Oil = 0.072, 
CaFF+Oil = 0.079 
 
 
Figure 76: Two-phase flow experiment @ 
Qcṗ
Qdṗ
= 1, Retp = 0.66, CaDIW+Oil = 0.057, CaFF+Oil = 
0.063 
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5.4 Heat Transfer Experiments 
The heat transfer experiment was set up as shown in Figure 77. Fluids were introduced via 
the continuous and dispersed phase syringe pump system. Mineral oil was used as the 
continuous phase and will be referred to as oil from here on. DIW or DPA20% ferrofluid was 
used as the dispersed phase. For single-phase flow, only the continuous phase syringe pump 
system was being employed. The syringe pump system consists of a 50 mL gastight glass 
syringe and a precision syringe pump (PHD ULTRA™ Series, Harvard Apparatus or KDS100, KD 
Scientific). Temperature of the flow was measured via the change in resistance of the 
deposited thermometers recorded via a digital multimeter set in the resistance mode. 
Temperature was measured at specific locations along the microchannel (see Figure 78). Heat 
was introduced via a thin film resistance heater connected to a power supply (see Figure 77 
and Figure 78). External magnetic fields were introduced to the flow via permanent magnets 
arranged in an alternating array, which was the same for flow visualisation experiments (see 
Figure 79). Magnetic flux was permanently fixed at a maximum of 50 mT (see Figure 65). It 
must be noted that from here on, the magnet case refers to an alternating magnet array, 
rather than a single magnet as a magnet array provided improved mixing compared to the 
single magnet case as explained in section 5.3.3.3. 
 
Figure 77: Heat transfer experimental set up for microchip 
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Figure 78: Temperature sensor and heater layout 
 
 
Figure 79: Magnet array layout for microchip heat transfer experiments 
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5.4.1 Single-Phase Flow 
5.4.1.1 Reynolds number determination 
Reynolds number, Re, is determined as follows 
 
Re = 
Q̇ρDh
μA
 
 
(34) 
where Q̇ is volumetric flow rate of the fluid in m3/s, ρ is density of the fluid in kg/m3, Dh is 
hydraulic diameter in m, μ is dynamic viscosity of the fluid in Pa·s, and A is the cross-sectional 
area of the flow in m2. 
5.4.1.2 DIW validation 
Like the 1 mm microchannel, DIW was used as the reference liquid for heat transfer 
experiments. This experiment was performed a total of nine times, at three different flow 
rates (700, 1000 and 1500 μL/min) for three different power densities (19, 34 and 53 W/cm2). 
The average Nu across all datasets is 2.57 (see Figure 80). This value is within uncertainty of 
the true theoretical value for DIW flowing through a rectangular cross-section with one wall 
having a uniform heat flux and the others adiabatic, where Nu = 2.712 [81]. 
 
Figure 80: Nu vs Re (DIW calibration for microchip) 
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5.4.1.3 Single-phase ferrofluid flow 
Nusselt number ratio is the ratio of Nu of the ferrofluid to DIW i.e. NuFF/NuDIW. It can be 
observed that heat transfer rates of ferrofluid with or without magnetic fields are like DIW 
within the bounds of experimental uncertainty (see Figure 81). One difference to note here is 
that unlike a single magnet (see Figure 25), the magnet array shows an improved heat transfer 
rate for single-phase ferrofluid flow (see Figure 81). This is attributed to the increased Nu 
brought about by the magnetic nanoparticles being attracted from one side of the 
microchannel to the other due to the arrangement of the magnet array. This is explained by 
the higher maximum flow velocities (and thus higher velocity gradients) recorded performing 
micro-PIV experiments (see Figure 69 and Figure 70), and this movement helps disrupt the 
thermal boundary layer.  
 
Figure 81: NuFF/NuDIW vs Re for microchip in the presence of a magnetic array 
 
5.4.2 Two-Phase Flow  
5.4.2.1 DIW validation 
As a benchmark, against which to compare the heat transfer enhancement provided by the 
ferrofluids, the heat transfer enhancement of two-phase flow using DIW as the dispersed 
phase and mineral oil mixture as the continuous phase, to single-phase DIW was measured. 
Results showed an approximate tripling (320%) of heat transfer of the two-phase compared 
to single-phase flow (see Figure 82). This outcome aligns well with previous studies, reporting 
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enhanced heat transfer rates for two-phase liquid-liquid flow [11, 13], with Bandara [13] 
reporting over 400% enhancement using DIW plugs and silicone oil.  
 
Figure 82: NuDIW+Oil/NuDIW vs Re for microchip 
 
5.4.2.2 Ferrofluidic plug flow  
It can be observed that heat transfer rates are enhanced with the addition of external 
magnetic fields (see Figure 83 and Figure 84). This increase is attributed to the disruption of 
internal flow within the plugs due to the alignment of the magnetic nanoparticles with the 
magnetic field lines (see Figure 86), disrupting the laminar thermal boundary layer. This is 
visualised in Figure 87, where the fluid gets dragged across the microchannel, providing 
mixing and thus, enhanced heat transfer rates. Overall, it can be observed that two-phase 
ferrofluidic plug flow enhances heat transfer rates compared to single-phase flow (see Figure 
84). About a 450% heat transfer enhancement was recorded for two-phase ferrofluidic plug 
flow under the influence of external magnetic fields (see Figure 84) relative to DIW only. 
Two-phase ferrofluidic plug flow under external magnetic fields was calculated using equation 
(32) from the measured heat transfer experiments giving Nu, and ΔP was calculated using 
equation (29). It yielded the best TPF, supporting the idea that ferrofluids may provide a 
technical solution for heat transfer enhancement. It can be observed that the enhancement 
in heat transfer or Nu outweighs the increase in pressure drop of the system (see Figure 85). 
Pressure drop was calculated using the equations outlined in section 4.4.2. TPF ratio which is 
a ratio of TPF of the sample to the TPF of single-phase DIW flow (i.e. TPFSample/TPFDIW) was 
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used. It can be observed that the highest TPF ratio recorded is from two-phase ferrofluidic 
plug flow under the influence of external magnetic fields with a TPF ratio of 2.925 at Re = 166 
(see Figure 85). TPF decreases due to the increase in ∆P at a higher flow rate (Re = 249). 
 
Figure 83: NuFF+Oil/NuDIW+Oil vs Re for microchip 
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Figure 84: NuFF or FF+Oil/NuDIW vs Re for microchip 
 
 
Figure 85: TPFSample/TPFDIW for microchip 
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Figure 86: Alignment of magnetic nanoparticles with magnetic field overtime 
 
 
Figure 87: Cross-section of predicted fluid temperature in microchannel for different flow 
conditions 
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Chapter 6 
Conclusions and Recommendations 
The main objective of this work was to understand the effect of using two-phase ferrofluidic 
plug flow on heat transfer. It was envisaged that it could be used for heat transfer 
enhancement for laminar flow in microchannels with simple pumping and phase separation. 
The investigation was carried out in microchannels both with and without external magnetic 
fields. Fabrication and characterization of the ferrofluid material was performed as the 
material properties affect transport and flow properties. Experimental investigation following 
the systematic order of single-phase flow, single-phase flow with external magnetic fields, 
two-phase flow, and two-phase flow with external magnetic fields was applied throughout 
this research. De-ionized water was used as the calibration fluid for all experiments. Heat 
transfer, pressure drop, and flow visualisation experiments were used to characterize the 
flow. The significant findings from the results presented in this work are outlined below, 
followed by suggestions for possible future work. 
6.1 Key Findings  
It was found that heat transfer rates of the flow are enhanced with the use of ferrofluids and 
that the material make-up of the ferrofluid affects these properties. Focus was placed on 
thermal conductivity and viscosity of the flow.  Thermal conductivity affects the heat transfer 
rates of the flow, whilst viscosity affects the pressure drop of the flow. Ferrofluids recorded 
an increase in both thermal conductivity and viscosity relative to water, however, the increase 
in thermal conductivity outweighs the increase in viscosity. For example, in the absence of 
external magnetic fields for DPA20% ferrofluid, the viscosity increased by 2.2% over DIW and 
thermal conductivity increased by 12.5%. Both properties were affected by magnetic flux 
density.   
The magnetic flux density not only affected the fluid properties it also affected the flow 
behaviour for single and two-phase flow. Flow visualisation experiments show that a single 
magnet is detrimental for heat transfer performance using single-phase ferrofluid flow as the 
magnetic nanoparticles build-up at the area of strongest magnetic flux along the 
microchannel wall. However, when a magnet array is used, heat transfer is enhanced for both 
single and two-phase ferrofluid flow. This was attributed to the added mixing due to the 
movement of magnetic nanoparticles across the microchannel due to the highly non-uniform 
nature of the magnetic field within the channel. This essentially causes mixing, disrupting the 
inherently laminar thermal boundary layer to increase heat transfer.  
To achieve an industry-viable design for a microchannel heat sink, the device’s pressure drop 
and the associated pumping power must be considered. Therefore, the figure of merit used 
to measure effectiveness of the heat transfer process is the Thermal Performance Factor 
(TPF = 
Nu
∆P1/3
). About a 450% improvement in heat transfer rate was recorded for two-phase 
ferrofluidic plug flow under external magnetic fields compared to single-phase de-ionized 
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water (DIW) flow, which translated to a TPF ratio of 2.9 at Re = 166. The increase in heat 
transfer rates or Nu outweigh the increase in pressure drop, thus increasing TPF. This gives 
confidence to the potential of applying two-phase ferrofluidic plug flow under the influence 
of external magnetic fields for cooling applications in electronic devices. 
6.2 Recommendations for Future Work 
The results presented within this study thoroughly characterized the thermal performance of 
two-phase ferrofluidic plug flow under the influence of external magnetic fields. Trends 
between heat transfer enhancement, pressure drop, two-phase liquid-liquid plug flow, 
ferrofluids, and magnetic fields were established.  
A lower viscosity oil (e.g. silicone oil) could have been used with a different material 
microchannel (i.e. not PDMS which absorbs silicone oil) for a lower pressure drop. 
Furthermore, high speed Particle Image Velocimetry could be used to better characterize the 
flow behaviour of ferrofluids under the influence of external magnetic fields. Computer 
simulation could also be performed to assess the influence of external magnetic fields on two-
phase ferrofluidic plug flow in microchannels.  Theoretical and empirical correlations for the 
effect of magnetic field on heat transfer rate could be developed. Magnetically forced plug 
separation from continuous phase with ferrofluids could also be investigated to allow for easy 
pumping of the two immiscible fluids. 
To apply the research outcomes to a real system, the microchannels can be integrated into 
the CMOS or SiC processing steps used in fabricating computer chips and power electronics. 
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Appendices 
Appendix A: Past Experimental Results 
Table A 1: Past Experimental results for Thermal Conductivity of Ferrofluids 
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[28] Water Sodium 
Dodecylbenesulfonate 
(activator)  
Fe 26 Direct Mixing Transient hot-wire 
- two wire style 
method 
// magnetic 
field - induced 
by solenoid (90 
mT) 
∟ magnetic 
field - 
permanent 
magnet (25 mT) 
B(//), φ = 
5%; 1.16 
B(∟),(φ = 
5%); 1.45 
[29] Kerosene Oleic Acid (t = 1.5 nm) Fe3O4 6.7 Unknown KD2 Pro (transient 
hot-wire) 
 
Vial (d = 24 mm; 
might be too small 
for accurate 
measurements) 
Solenoid-like 
electromagnet 
(50 mT) 
φ = 
1.71%; 
2.15 
B = 12 
mT, φ = 
6.3%; 3.25 
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[30] Toulene Myristic acid (MMA), 
palmitic acid (MPA) and 
stearic acid (MSA) 
Fe3O4 10 +/- 3 Co-precipitation Transient hot-wire // magnetic 
field - induced 
by solenoid (0-
160 mT) 
B(//) = 
~80 mT, φ 
= 4.0%; 
1.16 
(MMA) 
 
[101] Kerosene Oleic Acid (t = 1.5 nm) Fe3O4 6.7 Unknown KD2 Pro (transient 
hot-wire) 
 
Vial (d = 24 mm; 
might be too small 
for accurate 
measurements) 
Solenoid-like 
electromagnet 
(50 mT) 
φ = 
1.71%; 
2.25 
B(//) = 40 
mT, φ = 
6.3%; 4.0 
[25] Water Tri-sodium-citrate Fe3O4 10 +/- 3 Co-precipitation KD2 Pro (transient 
hot-wire) 
 
Test area (d = 10 
mm; might be too 
small for accurate 
measurements) 
Helmholtz coils B(∟) = 60 
mT, φ = 
5%; 1.67 
B(∟) = 100 
mT, φ = 
5%; 3.0 
[24] Hydrocarbon Oleic Acid Fe3O4 Unknown Unknown Transient hot-wire None φ = 2%; 
2.8 
[26] Water Tetramethyl ammonium 
hydroxide (TMAH) 
Fe2O3 9 Co-precipitation KD2 Pro (transient 
hot-wire) 
∟ magnetic 
field - Iron Core 
Electromagnet 
φ = 4.8%; 
1.25 
[102] Water TMAH Fe3O4 8.4-10.9 Co-precipitation KD2 Pro (transient 
hot-wire) 
None φ = 4.8%; 
1.22 
[103] Kerosene Oleic Acid Fe3O4 15 
155 (DLS) 
One-Step Phase 
Transfer 
Short hot-wire None φ = 3%; 
1.11 
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[74] Water Ammonium Citrate Fe3O4 9.8-10 Co-precipitation Transient hot-wire None φ = 1%; 
1.34 
[104] Water Oleic Acid (activator); 
Citric Acid (surfactant) 
Fe3O4 6 Thermal 
Decomposition 
Flucon GmBH 
Lambda (transient 
hot-wire) 
None φ = 5%; 
1.4 
Water Citric Acid or Capric Acid 10 Co-precipitation φ = 1.2%; 
0.89 
[105] Water Capric Acid Fe3O4 10 Co-precipitation Flucon GmBH 
Lambda (transient 
hot-wire) 
Solenoid-like 
electromagnet 
φ = 7%; 
1.048 
B(∟) = 
200 mT, φ 
= 1.28%; 
1.028 
[106] Ethylene 
Glycol 
Unknown Fe3O4 15 +/- 4 Co-precipitation KD2 Pro (transient 
hot-wire) 
None φ = 6.6%; 
1.16 
Ethylene 
Glycol 
Unknown Fe2O3 29 +/- 18 One-Step Phase 
Transfer 
φ = 6.6%; 
1.12 
[107] Kerosene Oleic Acid Fe3O4 9.9 Co-precipitation Flucon GmBH 
Lambda (transient 
hot-wire) 
Solenoid-like 
electromagnet 
(100 mT) 
B(∟), φ = 
4.7%; 1.23 
[76] Toluene Oleic Acid Fe3O4 4-12 Thermal 
Decomposition 
KD2 Pro (transient 
hot-wire) 
None Unknown 
Water Poly (acrylic acid) (PAA) 4-12 Thermal 
Decomposition 
+ Phase 
Transfer 
Unknown 
[108] Water Unknown Fe3O4 ~10 Unknown Transient hot-wire Current-
carrying wire (I 
= 0.5 A) 
B(∟), φ = 
2%; 1.09 
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Table A 2: Past Experimental results for Viscosity of Ferrofluids 
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[28] Water Oleic Acid Fe3O4 20 Co-
precipitation 
Capillary Tube 
Viscometer 
∟ magnetic field - 
permanent magnet 
(25 mT) 
φ = 2.83%; 
25 
Water Sodium 
Dodecylbenesulfonate  
Fe 26 Direct Mixing // magnetic field - 
induced by solenoid 
(90 mT) 
φ = 4%; 1.4 
[31] Water Unknown Fe3O4 7.5 Co-
precipitation 
Sine-Wave Vibro 
Viscometer (SV-
10) 
∟ magnetic field - 
permanent magnet 
(30 mT) 
φ = 5%; 1.78 
[32] Water Oleic Acid (activator); 
PEG-4000 (surfactant) 
Fe3O4 ~9-10; 23 Co-
precipitation 
Capillary Tube 
Viscometer (= 
Capillary 
Rheometer) and 
Rotating 
Rheometer 
(Brookfield LVDV 
III+) 
None Unknown 
Oleic Acid (activator); 
PEG powder 
(surfactant) 
Chemical 
Precipitation + 
Ball Milling 
None Unknown 
[33] Methanol Tetramethyl 
ammonium hydroxide 
(TMAH) 
Fe3O4 5+/-0.2 Co-
precipitation 
Dial reading 
viscometer 
∟ magnetic field Unknown 
108 
Oleic Acid (Brookfield, 
M/00-151) 
Unknown 
[34] Kerosene Oleic Acid Fe3O4 6-20; 
mean 
10.6 
Co-
precipitation 
MCR300 
Rheometer 
(Physica Anton 
Paar GmbH) 
using plate-plate 
spindle (PP25-
MRD) 
// magnetic field - 
from rheometer 
(electromagnet) 
Unknown 
[37] Synthetic 
Ester Oil 
APGW05 (Ferrotec) Fe3O4 + 
γ- 
Fe2O3 
Unknown Unknown Parallel plate 
Rheometer 
∟ magnetic field - 
permanent magnet 
Unknown 
Synthetic 
Ester Oil 
APGW010 (Ferrotec) Fe3O4+ 
γ- 
Fe2O3 
Unknown Unknown Unknown 
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Appendix B: Experimental Uncertainty Analysis 
Uncertainty estimations of measured parameters are based on the method outlined in 
Coleman & Steele [109], using the examples shown in Stanley [110] as a guideline. Error is 
defined as the difference between a measurement and the true value of the quantity being 
measured [111]. Bias error is known as systematic error, where it is any systematic process 
that occurs during the experimentation, resulting in the incorrect estimate of the final result 
[109, 111]. This results in the mean value of the measurement being constantly displaced in 
a predictable way. Precision error measures the agreement between independent 
measurements of data under the same experimental conditions [109, 111]. It is the 
description of random errors or repeatability that happens in an unpredictable way. 
B.1 Nusselt number determination (1 mm microchannel) 
The estimated uncertainty for Nusselt number determination of the 1 mm microchannel is 
39%. A breakdown of the calculations can be found below. 
Table 17: Measurement parameters and estimated uncertainties for Nusselt number 
determination (1 mm microchannel) 
Parameter Symbol Typical 
Value 
Bias 
Error 
Precision 
Error 
Uncertainty 
value Value value %U 
Outlet Wall Temperature 
(°C) (see B.1.1) 
Tw,out 40.03 0.56 11.99 12.00 29.98 
Inlet Wall Temperature (°C) 
(see B.1.1) 
Tw,in 34.45 1.41 9.30 9.41 27.31 
Control Section Outlet 
Temperature (°C) (see B.1.1) 
Tout 35.48 1.06 8.91 8.97 25.28 
Control Section Inlet 
Temperature (°C) (see B.1.1) 
Tin 27.29 0.06 3.28 3.28 12.02 
Density (kg/m3) (see B.1.2) ρ 995.96 0.01 8.89E-05 0.01 0.001 
Thermal Conductivity 
(W/(m·K)) (See B.1.3) 
κ 0.58 0.013 0.0044 0.014 2.35 
Nusselt number (see B.1.4) Nu 8.24E-
03 
2.69E-
03 
1.72E-03 3.19E-
03 
38.7 
 
B.1.1 Temperature Measurements 
Wall and fluid temperatures, Tw,out, Tw,in, Tout, and Tin [°C] 
Thermocouple type: T 
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Table 18: Uncertainty for temperature measurements (1 mm microchannel) 
 Tin Tout Tw,in Tw,out 
Thermocouple wire tc7 tc6 tc5 tc8 
Nominal value [°C] 27.29 35.48 34.45 40.03 
Bias error, BT (2Sr) 0.06 1.06 1.41 -0.56 
Precision error, PT (2Sr) 3.28 8.91 9.30 11.99 
Total uncertainty, UT [°C] 3.28 8.97 9.41 12.00 
Total uncertainty [%] 12.02 25.28 27.31 29.98 
 
B.1.2 Density  
Density, ρ [kg/m3] 
Nominal mass value: 25.00 g 
Nominal volume value: 25.102 cm3 
Nominal density value: 1.00 g/cm3 = 995.96 kg/m3 
Bias errors: 
Measurement scale bias, Bm1 = 0.0005 x 10-3 kg 
Scale error, Bm2 = 0.01 x 10-3 kg 
Regression bias from density bottle calibration (2Sr), Breg = 0.0002 
Total measurement bias, BM follows the equation: 
𝐵𝑀
2 =  𝐵𝑚1
2 + 𝐵𝑚2
2  
𝐵𝑀 = 0.01 
Total bias error in ρ follows the equation: 
𝐵𝜌
2 =  𝐵𝑀
2 + 𝐵𝑟𝑒𝑔
2  
𝐵𝜌 = 0.01 
Precision errors: 
Precision error (2Sr), Pρ = 0.00009 
Total uncertainty: 
𝑈𝜌
2 =  𝐵𝜌
2 + 𝑃𝜌
2 
𝑈𝜌 = 0.01 𝑘𝑔/𝑚
3 (0.001%𝜌) 
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B.1.3 Thermal Conductivity 
Thermal Conductivity, κ [W/(m*K)] 
Nominal value: 0.58 W/(m*K) 
 
Bias errors: 
Equipment error, Bequip = 0.0116 W/(m*K) 
Regression bias from equipment calibration (2Sr), Breg = 0.0057 
Total bias error in κ follows the equation: 
𝐵𝜅
2 =  𝐵𝑒𝑞𝑢𝑖𝑝
2 + 𝐵𝑟𝑒𝑔
2  
𝐵𝜅 = 0.013 
Precision errors: 
Precision error (2Sr), Pκ = 0.0044 
Total uncertainty: 
𝑈𝜌
2 =  𝐵𝜌
2 + 𝑃𝜌
2 
𝑈𝜌 = 0.014 𝑊/(𝑚 · 𝐾) (2.35%𝜅) 
 
B.1.4 Heat Transfer Rate 
Nusselt number, Nu 
Nominal density value, ρ: 995.96 kg/m3 
Nominal fluid flow rate, ?̇?: 50 mL/h 
Nominal channel diameter, Dh: 0.000988 m 
Nominal contact surface area, A: 0.00004 m2 
Nominal fluid out temperature, Tout: 35.48 °C 
Nominal fluid in temperature, Tin: 27.29 °C 
Nominal control section wall out temperature, Tw,out: 40.03 °C 
Nominal control section wall in temperature, Tw,in: 34.45 °C 
Nominal thermal conductivity value, κ: 0.58 W/(m*K) 
Nominal Nusselt number value, Nu: 8.24x10-3 
Data reduction equation: 
𝑁𝑢 ≡  
?̇?𝐷ℎ𝜌(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
 
where Tw,avg is (Tw,out + Tw,in)/2 in K and Tavg is (Tout + Tin)/2 in K.  
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From this data reduction equation, the sensitivity coefficients for each variable are: 
 
𝜕𝑁𝑢
𝜕?̇?
=  
𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
= 5.9303 × 105 𝑠/𝑚3 
 
𝜕𝑁𝑢
𝜕𝐷ℎ
=  
𝑄?̇?(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
= 8.3366 𝑚 
 
𝜕𝑁𝑢
𝜕𝜌
=  
?̇?𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
= 8.2700 𝑚3/𝑘𝑔 
 
𝜕𝑁𝑢
𝜕𝑇𝑜𝑢𝑡
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln (𝑇𝑜𝑢𝑡) = 9.5246 × 10
−5 /°𝐶 
 
𝜕𝑁𝑢
𝜕𝑇𝑖𝑛
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln (𝑇𝑖𝑛) = 9.0646 × 10
−5 /°𝐶 
 
𝜕𝑁𝑢
𝜕𝑇𝑤,𝑜𝑢𝑡
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln(𝑇𝑤,𝑜𝑢𝑡) = 9.7037 × 10
−5 /°𝐶 
 
𝜕𝑁𝑢
𝜕𝑇𝑤,𝑖𝑛
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln(𝑇𝑤,𝑖𝑛) = 9.4777 × 10
−5 /°𝐶 
 
𝜕𝑁𝑢
𝜕𝜅
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)
ln(𝜅) =  −2.6023 × 10−3 (𝑚 · 𝐾)/𝑊 
 
𝜕𝑁𝑢
𝜕𝐴
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln(𝐴) =  −4.0950 × 10−7 𝑚−2 
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Bias errors: 
BQ̇̇ = 3.47x10
-9 
BTout = 8.97 
BTin = 3.28 
BTw,out = 12.0 
BTw,in = 9.41 
Bρ = 0.010 
Bκ = 0.013 
Total bias error, BNu = 2.69x10-3 
Precision errors: 
PTout = 8.91 
PTin = 3.28 
PTw,out = 11.99 
PTw,in = 9.30 
Pρ = 8.8889x10-5 
Pκ = 4.4444x10-3 
PA = 1.28x10-5 
Total precision error, PNu = 1.72x10-3 
Total uncertainty: 
𝑈𝑁𝑢
2 =  𝐵𝑁𝑢
2 + 𝑃𝑁𝑢
2  
𝑈𝑁𝑢 = 3.19 × 10
−3(38.7%𝑁𝑢) 
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B.2 Nusselt number determination (100x100 μm microchip) 
The estimated uncertainty for Nusselt number determination of the 100x100 μm microchip 
is 25%. A breakdown of the calculations can be found below. 
Table 19: Measurement parameters and estimated uncertainties for Nusselt number 
determination (100x100 μm microchip) 
Parameter Symbol Typical 
Value 
Bias 
Error 
Precision 
Error 
Uncertainty 
value Value value %U 
Outlet Wall Temperature 
(°C) (see B.3.1) 
Tw,out 50.52 0.04 0.00 0.074 0.15 
Inlet Wall Temperature (°C) 
(see B.3.1) 
Tw,in 32.85 0.08 0.01 0.161 0.49 
Control Section Outlet 
Temperature (°C) (see B.3.1) 
Tout 44.40 0.05 0.00 0.10 0.23 
Control Section Inlet 
Temperature (°C) (see B.3.1) 
Tin 20.61 0.02 0.01 0.04 0.17 
Density (kg/m3) (See B.3.2) ρ 995.96 0.01 8.89E-05 0.01 0.001 
Thermal Conductivity 
(W/(m·K)) (see B.3.3) 
κ 0.58 0.013 0.0044 0.014 2.35 
Nusselt number (see B.3.4) Nu 1.29E+02 3.23E+
01 
1.85E-01 3.23E+01 25.0 
 
B.2.1 Temperature Measurements 
Wall and fluid temperatures, Tw,out, Tw,in, Tout, and Tin [°C] 
Thermocouple type: T 
Table 20: Uncertainty for temperature measurements (100x100 μm microchannel) 
 Tin Tout Tw,in Tw,out 
Thermocouple wire R1 R7 R2 R6 
Nominal value [°C] 20.61 44.40 32.85 50.52 
Bias error, BT (2Sr) 0.02 0.05 0.08 0.04 
Precision error, PT (2Sr) 0.01 0.00 0.01 0.00 
Total uncertainty, UT [°C] 0.04 0.10 0.161 0.074 
Total uncertainty [%] 0.17 0.23 0.49 0.15 
 
B.2.2 Density  
Density, ρ [kg/m3] 
Nominal mass value: 25.00 g 
Nominal volume value: 25.102 cm3 
Nominal density value: 1.00 g/cm3 = 995.96 kg/m3 
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Bias errors: 
Measurement scale bias, Bm1 = 0.0005 x 10-3 kg 
Scale error, Bm2 = 0.01 x 10-3 kg 
Regression bias from density bottle calibration (2Sr), Breg = 0.0002 
Total measurement bias, BM follows the equation: 
𝐵𝑀
2 =  𝐵𝑚1
2 + 𝐵𝑚2
2  
𝐵𝑀 = 0.01 
Total bias error in ρ follows the equation: 
𝐵𝜌
2 =  𝐵𝑀
2 + 𝐵𝑟𝑒𝑔
2  
𝐵𝜌 = 0.01 
Precision errors: 
Precision error (2Sr), Pρ = 0.00009 
Total uncertainty: 
𝑈𝜌
2 =  𝐵𝜌
2 + 𝑃𝜌
2 
𝑈𝜌 = 0.01 𝑘𝑔/𝑚
3 (0.001%𝜌) 
 
B.2.3 Thermal Conductivity 
Thermal Conductivity, κ [W/(m*K)] 
Nominal value: 0.58 W/(m*K) 
Bias errors: 
Equipment error, Bequip = 0.0116 W/(m*K) 
Regression bias from equipment calibration (2Sr), Breg = 0.0057 
Total bias error in κ follows the equation: 
𝐵𝜅
2 =  𝐵𝑒𝑞𝑢𝑖𝑝
2 + 𝐵𝑟𝑒𝑔
2  
𝐵𝜅 = 0.013 
Precision errors: 
Precision error (2Sr), Pκ = 0.0044 
Total uncertainty: 
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𝑈𝜌
2 =  𝐵𝜌
2 + 𝑃𝜌
2 
𝑈𝜌 = 0.014 𝑊/(𝑚 · 𝐾) (2.35%𝜅) 
 
B.2.4 Heat Transfer Rate 
Nusselt number, Nu 
Nominal density value, ρ: 995.96 kg/m3 
Nominal fluid flow rate, ?̇?: 42 mL/h 
Nominal channel diameter, Dh: 9.957x10-8 m 
Nominal contact surface area, A: 4.0x10-14 m2 
Nominal fluid out temperature, Tout: 44.40 °C 
Nominal fluid in temperature, Tin: 20.61 °C 
Nominal control section wall out temperature, Tw,out: 50.52 °C 
Nominal control section wall in temperature, Tw,in: 32.85 °C 
Nominal thermal conductivity value, κ: 0.58 W/(m*K) 
Nominal Nusselt number value, Nu: 1.29x102 
Data reduction equation: 
𝑁𝑢 ≡  
?̇?𝐷ℎ𝜌(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
 
where Tw,avg is (Tw,out + Tw,in)/2 in K and Tavg is (Tout + Tin)/2 in K.  
From this data reduction equation, the sensitivity coefficients for each variable are: 
 
𝜕𝑁𝑢
𝜕?̇?
=  
𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
= 1.1081 × 1010 𝑠/𝑚3 
 
𝜕𝑁𝑢
𝜕𝐷ℎ
=  
𝑄?̇?(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
= 1.30 × 109 𝑚 
 
𝜕𝑁𝑢
𝜕𝜌
=  
?̇?𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
= 0.12980 𝑚3/𝑘𝑔 
 
𝜕𝑁𝑢
𝜕𝑇𝑜𝑢𝑡
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln (𝑇𝑜𝑢𝑡) = 1.5443 /°𝐶 
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𝜕𝑁𝑢
𝜕𝑇𝑖𝑛
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln (𝑇𝑖𝑛) = 1.3316 /°𝐶 
 
𝜕𝑁𝑢
𝜕𝑇𝑤,𝑜𝑢𝑡
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln(𝑇𝑤,𝑜𝑢𝑡) = 1.5666 /°𝐶 
 
𝜕𝑁𝑢
𝜕𝑇𝑤,𝑖𝑛
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln(𝑇𝑤,𝑖𝑛) = 1.4753 /°𝐶 
 
𝜕𝑁𝑢
𝜕𝜅
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)
ln(𝜅) =  −4.0844 × 101 (𝑚 · 𝐾)/𝑊 
 
𝜕𝑁𝑢
𝜕𝐴
=  
?̇?𝜌𝐷ℎ(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑎𝑣𝑔)𝜅
ln(𝐴) =  −1.5952 × 10−10 𝑚−2 
 
Bias errors: 
BQ̇̇ = 2.92x10
-9 
BTout = 0.10 
BTin = 0.04 
BTw,out = 0.074 
BTw,in = 0.161 
Bρ = 0.010 
Bκ = 0.013 
Total bias error, BNu = 3.23x101 
Precision errors: 
PTout = 0.01 
PTin = 0.01 
PTw,out = 0.01 
PTw,in = 0.02 
Pρ = 8.8889x10-5 
Pκ = 4.4444x10-3 
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PA = 0.00 
Total precision error, PNu = 1.85x10-1 
Total uncertainty: 
𝑈𝑁𝑢
2 =  𝐵𝑁𝑢
2 + 𝑃𝑁𝑢
2  
𝑈𝑁𝑢 = 3.23 × 10
1 (25.0%𝑁𝑢) 
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B.3 Pressure drop (1 mm microchannel) 
The estimated uncertainty for pressure drop is 5.5%. A breakdown of the calculations can be 
found below: 
Voltage, V 
Nominal voltage value, V: 0.2 V 
Bias errors: 
Equipment error, Bequip = 0.004 W/(m*K) 
Regression bias from equipment calibration (2Sr), Breg = -0.01022 
Total bias error in κ follows the equation: 
𝐵𝜅
2 =  𝐵𝑒𝑞𝑢𝑖𝑝
2 + 𝐵𝑟𝑒𝑔
2  
𝐵𝜅 = 0.010979 
Precision errors: 
Precision error (2Sr), Pρ = 0 
Total uncertainty: 
𝑈∆𝑃
2 =  𝐵∆𝑃
2 + 𝑃∆𝑃
2  
𝑈∆𝑃 = 1.098 × 10
−2 (5.49%∆𝑃) 
 
B.4 Micro-PIV uncertainties 
Micro-PIV uncertainties were measured using the explanations in Sinclair [112] as a guideline. 
Th amplitude of the random component of error in the measurement, Δσx, is described by 
 σ∆x=cde (35) 
 
where c is a constant, and de is the particle image diameter. Taking c = 0.05 and de = 2 pixels, 
the error becomes σΔx = 0.1 pixels. It is a reasonable assumption to assume a uniform 
displacement of the tracer particles along the centreline. The pixel displacement along the 
centreline ranged from 10 – 20 pixels, and thus, the error from 1 – 2%. Away from the 
centreline,  the velocity gradients are large, and error is increased from this value [112]. 
Bias error estimate is neglected in this study as it is negligible compared to the random 
component as de > 2 pixels is a large particle image diameter [112]. 
 
